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Letter Symbols for Hydraulics (Z10.2—1942), $0.35 

Letter Symbols for Mechanics of Solid Bodies (Z10.3—1942), $0.25 
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Fire-Hose Coupling Screw Threads (B26—1925), $0.25 

Hose Coupling Screw Threads (B33.1—1935), $0.25 

Indicating Pressure and Vacuum Gages (B40—1939), $0.40 

Preferred Thickness for Uncoated Thin Flat Metals (B32.1—1941), 
$0.25 

Rolled Threads for Screw Shells of Electric Sockets and Lamp Bases 
(C44—1981), $0.35 

Gear Tolerances and Inspection (B6—1945), $0.65 

Preferred Standards for Large 3600-Rpm 3-Phase 60-Cycle Condens- 
ing Steam Turbine-Generators (published 1945), $0.25 

Shaft Couplings (B49—1932), $0.35 

Spur Gear Tooth Form (B6.1—1932) $0.45 


SMALL Toots anp Macuing Toot ELEMENTS 


Machine Tapers (B5.10—1943), $0.60 

Milling Cutters (B5c—1930), $0.75 

Reamers (B5.14—1941), $0.75 

Taps—Cut and Ground Threads (B5.4—1939), $1.25 

Terminology and Definitions for Single-Point Cutting Tools (B5.13— 
1939), $0.40 

Adjustable Adapters (B5.11—1937), $0.50 

Chucks and Chuck Jaws (B5.8—1936), $0.45 

Circular and Dovetailed Forming Tool Blanks and Holding Elements 
(B5.7—1948), $0.50 

Shafting and Stock Keys (B17.1—1943), $0.45 

Markings for Grinding Wheels (B5.17—1943), $0.25 

Involute Splines, Side Bearings (B5.15—1939), $0.65 

Jig Bushings (B5.6—1941), $0.35 

Lathe Spindle Noses (B5.9—1936), $0.50 

Spindle Noses and Arbors (B5.18—1943), $0.25 
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Tool Holder Shanks Tool Post Openings (B5.2—1943), $0.35 

Tool Life Tests (B5—1945), $0.40 

T-Slots, Their Bolts, Nuts, Tongues, and Cutters (B5a—1941), $0.35 

Twist Drills (B5.12—1940), $0.55 

Code for Design of Transmission Shafting (B17c—1927), $0.75 

Shafting and Stock Keys (B17.1—1934), $0.45 

Serew Threads for Bolts, Nuts, Machine Screws, and Threaded Parts 
(B1.1—1935), $0.60 

Screw Threads for High-Strength Bolting (B1.4—1945), $0.25 

Screw Thread Gages and Gaging (B1.2—1941), $0.60 

Acme and Other Translating Threads (B1.3—1941), $0.45 

Tolerances, Allowances, and Gages for Metal Fits (B4a—1925), $0.50 

Woodruff Keys, Keyslots, and Cutters (B17f—1930), $0.35 


BOILER CONSTRUCTION CODE 


1943 Editions: with 1944-1945 Addenda 
Locomotive Boiler Code, $0.75 
Low-Pressure Heating Boiler Code, $0.75 
Miniature Boiler Code, $0.50 
Power Boiler Code, $2.25 
Specifications for Materials, $3.00 
Suggested Rules for Power Boilers, $1.00 
Unfired Pressure Vessel Code, $1.50 
Welding Qualifications, $0.65 

Boiler Code Interpretation Service, $5.00 annually 

API-ASME Code for Unfired Pressure Vessels 
1943 Edition, with 1944 Supplement, $1.25 
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Atmospheric Water-Cooling Equipment (1930), $0.45 

Coal Pulverizers (1944), $0.70 

Displacement Compressors, Vacuum Pumps, and Blewers (1939), 
30.75 

Dust Separating Apparatus (1941), $0.90" 

Evaporating Apparatus (1941), $0.50 

Feedwater Heaters (1927), $0.35 

Gaseous Fuels (1944), $0.75 

Gas Producers (1928), $0.55 

Hydraulic Prime Movers (1938 with 1942 Addenda), $0.60 

Internal-Combustion Engines (1930), $0.55 

Reciprocating Steam-Driven Displacement Pumps (1927), $0.65 

Reciprocating Steam Engines (1935), $0.65 

Refrigerating Systems (1927), $0.55 

Solid Fuels (1931), $0.55 

Speed-Responsive Governors (1927), $0.45 

Steam Condensing Apparatus (1938), $0.65 

Steam Locomotives (1941), $0.55 

Steam Turbines (1941), $2.50 

Appendix to Test Code for Steam Turbines (1943), $1.50 
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General Instructions (1945), $0.45 
Definitions and Values (1945), $0.80 
Part 1 — General Considerations (1935), $0.35 
Part 2 — Pressure Measurement 
Chapter 1, Barometers; Chapter 6, Tables, Multipliers, and 
Standards (1941), $0.60 
Chapter 4, Bourdon, Bellows, Diaphragm, and Deadweight 
Gages (1938), $0.65 
Chapter 5, Liquid Column Gages (1942), $0.75 
Part 3 — Temperature Measurement 
Chapter 1, General; Chapter 5, Pyrometric Cones; Chapter 
6, Liquid-in-Glass Thermometers; and Chapter 7, Bour- 
don-Tube Thermometers (1931), $0.75 
Chapter 2, Radiation Pyrometers (1936), $0.55 
Chapter 3, Thermocouple Thermometers or Pyrometers 
(1940), $0.65 
Chapter 4, Resistance Thermometers (1945), $0.80 
Chapter 8, Optical Pyrometers (1940), $0.35 
Part 4— Head Measuring Apparatus (1933), $0.35 
Part 5 — Chapter 4, Flow Measurement by Means of Standardized 
Nozzles and Orifice Plates (1940), $2.75 
Part 6—Electrical Measurements (1934), $1.25 
Part 8—Measurement of Indicated Horsepower (1941), $0.75 
Part 9—Heat of Combustion (1943), $0.40 
Part 11—Determination of Quality of Steam (1940), $0.45 
Part 12—Measurement of Time (1942), $0.40 
Part 13—Speed Measurements (1939), $0.45 
Part 14—Linear Measurements (1936), $0.55 
Part 15—Measurement of Surface Areas (1937), $0.75 
Part 16——-Density Determinations (1931), $0.30 
Part 17—Determination of the Viscosity of Liquids (1931), $0.45 
Part 18—Humidity Determinations (1932), $0.50 
Part 20—Smoke-Density Determinations (1945), $0.65 
Part 21—Leakage Measurements (1942), $0.60 
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Fluid Meters: 


Part 1—Theory and Somes (1937), $3.00 
Part 8—Selection and Installation (1933), $1.50 

Report of the A.G.A.-A.S.M.E. Committee on Orifice Coefficients 
(1935), $2.75 

Tests on Electrical Equipment for Drilling Rotary Drilled Oil Wells 
(1933), $0.85 

Tests on Steam Equipment for Drilling Rotary Drilled Oil Wells 
(1932), $0.85 

Bibliography on Aircraft Plywood (1944), $1.00 

Bibliography on Management Literature and Supplement (1903- 
1935), $2.75 

Bibliography on Marketing Research (1935), $1.00 

Bibliography on the Cutting of Metals (published 1945), $6.50 
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NortH American AT-6C AIRPLANE 


The Practicability of Vibration Control in 
Light Aircraft 


By DWIGHT C. KENNARD, JR.,1 DAYTON, OHIO 


The approach of the Air Technical Service Command to 
the problem of developing and evaluating a new engine- 
mount design is outlined, including a description of in- 
strumentation, methods of vibration analysis, and pres- 
entation of natural-frequency formulas for elastically 
mounted power plants. The results of flight-vibration 
tests are presented for the standard engine mount, and an 
improved experimental engine mount installed in the 
North American AT-6C airplane. The results are dis- 
cussed in detail showing the relative merits of the two 
engine installations. The test results show that the ex- 
perimental engine mount, by providing natural frequen- 
cies of the mounted power plant which fall within the 
frequency range specified by the Air Technical Service 
Command, reduces appreciably the vibration of the 


engine and airplane structure. 
‘Tee aircraft radial engines of 1800 or more cu in. displace- 
ment has not been paralleled in the field of smaller aircraft 
engines. This development apparently has lagged owing to the 
understandable reluctance on the part of airplane manufacturers 
to accept what was considered to be a penalty in weight and cost 
in light airplane designs incorporating antivibration engine 
mountings. Pilots came to regard many of the light airplanes as 
uncomfortably “rough,” and maintenance problems due to ex- 
cessive vibration were looked upon as an inherent evil in such 
airplanes. However, the benefits of vibration control in air- 


INTRODUCTION 


HE development of successful antivibration mountings 


1 Aeronautical Engineer, Dynamics Branch, Aircraft Laboratory, 
Engineering Division, Air Technical Service Command, Wright Field. 
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planes equipped with larger engines was proving so successful that 
the Air Technical Service Command undertook a program of re- 
search and development directed toward attaining like benefits 
in light airplanes. Efforts were directed toward realizing an 
effective yet practical antivibration engine-mounting system for 
such light engine installations as are used in training, cargo, 
liaison, and other types of Army aircraft. 

As a first step in this program, the Air Technical Service Com- 
mand issued a design specification,” defining requirements for the 
antivibration provisions to be incorporated in an experimental 
engine mount for the Pratt and Whitney R-985 engine. Such a 
mount was subsequently procured* and thoroughly tested with 
an R-985 engine installed on a test stand. Upon satisfactory 
completion of these tests, the second step was to procure 4 
similar engine mount for the Pratt and Whitney R-1340 engine to 
be installed in an AT-6C airplane. 

This paper concerns the vibration tests which were conducted 
by the Air Technical Service Command on the AT-6C standard 
and experimental engine-mount installations in flight (1).* 


DESCRIPTION OF THE AT-6C AIRPLANE 


The North American AT-6C airplane which was chosen for the 
test program is a two-place all-metal low-wing monoplane with 
monocoque fuselage and full cantilever wings, Fig. 1. The 
landing gear is the conventional type and is retractable. 
The tactical mission of the airplane is to provide a means for the 
advanced training of student pilots and their transition flying 
training to combat-type airplanes. The airplane is equipped 


2 This specification embodied the standard AAF requirements 
which restrict the natural frequencies of the mounted power plant 
to a lower limit of 400 cycles per min and an upper limit corresponding 
to 45 per cent normal rated engine rpm, or 75 per cent normal rated 


, propeller rpm, whichever has the lower value. 


81 


3 This engine mount was designed and manufactured by the 
United Aircraft Corporation, Pratt and Whitney Engine Division, 
and the Goodyear Tire and Rubber Corporation. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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with a Pratt and Whitney nine-cylinder single-row air-cooled 
radial R-1340-AN-1 engine, which drives directly a Hamilton 
Standard two-blade controllable-pitch constant-speed alumi- 
num-alloy propeller, 9 ft diam. The engine has a power rating of 
550 bhp at 2200 rpm and produces a maximum power for take-off 
amounting to 600 bhp at 2250 rpm. 


Fig. 2 Svranparp EncingE-Mount ASspMBLY ror AT-6C AIRPLANE 


Fie. 3 Sranparp Encins Mountine Unir ror AT-6C AIRPLANE 


ENGINE Mounts TESTED 


The engine mounting structure is the conventional welded- 
steel tubular-truss construction, embodying a circular ring, 
around the periphery of which are welded the engine attaching 
bosses. The nine equally spaced bosses of the standard mount 
are provided with elliptically shaped recesses which accommodate 
compression-type rubber blocks interposed between the mounting 
structure and the crankcase attaching bolts, Figs. 2 and 3. Ex- 
perience has shown that this type of elastic mounting is not 
generally effective because the rubber affords insufficient elas- 
ticity when forced to act in compression. 

The experimental mount tested utilizes six engine attaching 
points (attaching points behind cylinders Nos. 1, 4, and 7 are 
omitted). This arrangement provides symmetrical elastic re- 
straint by virtue of the fact that three pairs of mounting units are 
equidistantly spaced about the periphery of the mounting ring, 
Fig. 4. The engine-mount bosses are set at an angle with circular 
shear type sandwich rubber bushings located on each side of the 
bosses. The bushings are much stiffer in a compressionwise 
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direction than in the shear direction so that they act as direc- 
tional springs tending to deflect mainly in the shear plane which 
is parallel to the bonded steel facing plates, Fig. 5. The bushings 
are held in place on each side of the mounting-ring bosses by 
forged angle bolts so that no metal-to-metal contact is allowed 
between the bolts and the bosses. The directional stiffness of the 
bushings is utilized by arranging the faces of the mounting-ring 
bosses to bear an angular relationship to the thrust line in such a 
way that the elastic center of the mount coincides with the center 
of gravity of the power-plant mass. This arrangement is termed 
“virtual center of gravity suspension” of the power plant. The 
outer bonded steel facings of the rubber bushings are eccentric 
with respect to each other so that when they are deflected by full 
engine torque, they become approximately concentric. The inner 
steel faces of the rubber bushings are locked to the mounting-ring 
bosses by mating dowel pins. The flanges of the inner faces also 
mate with the mounting-ring boss so as to effect a journal bearing. 
Shoulders on the forged angle bolt space the outer steel facings 
when the nut is tightened. Torque arms join adjacent angle 
bolts so that they cannot twist. Table 1 presents a weight 
breakdown for the two engine-mount assemblies tested, which 
shows that the experimental assembly entails an increased weight 
over the standard assembly amounting to only 4.5 lb. 


Encine-Mounr AssEMBLY FoR AT-6C 


AIRPLANE 


Fie. 4 ExprriMENTAL 


Unir ror AT-6C 


EXPERIMENTAL ENGINE MounrtTING 
AIRPLANE 
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TABLE 1 WEIGHT BREAKDOWN FOR STANDARD AND 
EXPERIMENTAL MOUNTING ASSEMBLIES 
Weight, lb 
Experimenta) mounting assembly, shown in Bee yes ERC cD 3 43.75 


Standard mounting assembly, ie in pete. DOR. aineinoeeatererare 39.25 
Experimental mounting units, total.. 5 Olea tan 
Rubber sandwiches, 12 required 
Angle bolts, 6 required 
NiLeSrandawastions scr CRANE RE ete Nak nes Shscac a: 
IPORGUC- ANIME, o FOQUINE” yrds oleae ein cures sop Meae eres non 


Standard mounting Units, COLA eee ctelslele el -tale. ciate) e\iebsi ee) ove) wieieie.s 
Rubber bushings, 18 required Aste: s.auctateters 
Engine mount bolts, 9 required. . 
Nuts and wash@rssy,<2)..3.0.00000-.ctne : 
Bushings, 9 required 


COrMnNnot FPOWRO 
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3S 


\ ATTACHED AS 
| Q, ENGINE 
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z ao cs 


Fic. 6 Scuematric ARRANGEMENT OF VIRTUAL-CENTER-OF-GRAVITY 
PowErR-PLANT SUSPENSION 


EstiMaTION OF PowrR-PLANT NATURAL FREQUENCIES 


It has been shown that the stiffnesses of a virtual-center-of- 
gravity type power-plant suspension may. be expressed as follows, 
. referring to Fig. 6 (2): 

Roll about the crankshaft axis 


R,, = Nkr? in-lb per radian 


Pitching or yawing about the lateral or vertical axis 
Nkr? | a? a7 & 
Ry = Rez = 3 [= + 1 (% sin a — cos 8) 


2 
+ le cos B + sin s) | in-lb per radian 
ra 


Thrustwise along the crankshaft axis 
K,, = Nk(sin? 6 + L cos? £) |b per in. 
Along the lateral or vertical axis 
Ky = Ky = “ [1 + (cos? 6 + L sin? B)] lb per in. 


where N = number of equally spaced mounting units 


k = shear rate of each mounting unit, lb per in. 

L = ratio of compressionwise rate to shear rate of each 
unit 

r = radius of mounting units, in. 

a = distance between plane of mounting units and virtual 
point of suspension, in. 

B = angle made by the compression axis of mounting 


units with respect to thrust line, deg 


It can be shown that the point of virtual suspension may be 
expressed as 


r sin 2B 


a in. 


2 asenty 
Pee Ty sin? 8 


t 
2 


Neglecting the effect of gyroscopic forces and structural cou- 


pling, the natural frequencies may be determined by the well- 


known relationships 
_ 60 |B 
7 eles per min. 


P= 60 | /Translational stiffness aod) im 
~ Oe Mass + M 


Angular stiffness 


Moment of inertia 


or 


cycles per min. 


Applying these equations to the experimental mount under 
consideration 


(Nis 

k = 1250 |b per in. 
1 NATE 
eas 

a = 10.75 in. 

B = 35 deg 


Power-plant moment of inertia about the thrust axis (minus 
propeller inertia) = 240 lb-in. sec? 
Power-plant moment of inertia about the vertical or lateral axis 
(including maximum propeller inertia) = 355 lb-in. sec? 
Weight of power plant (including propeller) = 996 lb 
Roll about the crankshaft axis 
Stiffness = 6 X 1250 X 12.22 = 1,120,000 in-lb per radian 
60 | /1,120,000 
Natural f a= eee 
atural frequency a 240 


Pitching or yawing about lateral or vertical axis 
6 X 12.22 & 1250 | 10.75? 10 
: | Eley ( 
2 12.2 


2 
see 10.75 2 
— cos 35 + 12.2 cos 35° + sin 35° 


= 1,170,000 in-lb per radian 


= 645 cycles per min 


Stiffness = 


ip sin 35° 
2 


60 . /1,170,000 ‘ 
Natural frequency = aa = 547 cycles per min 
2a 355 

Thrustwise along the crankshaft axis 
Stiffness = 6 X 1250 (sin? 35° + 12.7 cos? 35°) 
per in. 


= 66,500 lb 


66,500... 500 
fcccn X 386 = 1520 cycles per min 


Natural frequency = 
Laterally or vertically 
6 X 1250 

2 
21,750 lb per in. 
60 . {21,750 
Natural frequency = — ae X 386 = 876 cycles per min 
Distance of elastic center from plane of mounts 
1 12.2 sin 70° 


Stiffness 


Il 


[1 + (cos? 35° + 12.7 sin? 35°) | 


es 9 ene: Pet es 
127-1 + sin? 35 
Distance of elastic center ahead of center of gravity = 11.5 
— 10.75 = 0.75 in. 


INSTRUMENTATION FOR Fiicut TEsts 


The Air Technical Service Command has standardized on the 
use of Sperry-M.I.T. instrumentation for flight measurements of 
engine vibration and associated vibration of the aircraft struc- 
ture. This equipment comprises velocity-type vibration pickups 
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which are fed into integrating amplifiers. The amplifier outputs 
actuate a four-element recording oscillograph, the traces of which 
indicate amplitudes which are proportional to vibratory displace- 
ment through a useful frequency range of 7 to 1500 cycles per sec. 

The bridge network shown in Fig. 7 was used on the amplifier 
outputs so as to produce simultaneous traces on the four strings 
of the oscillograph which would correspond to addition, subtrac- 
tion, and individual voltage outputs of a given pickup pair. The 
addition and subtraction traces indicated the translational and 
rotation components of power-plant vibratory motion. 

Six pickups were suitably located to measure vibratory motion 
of the power plant in translation along and rotation about its 
three principal central axes as shown in Fig. 8. The pickup pair 
which measured power-plant vertical and pitching motion could 
not be located symmetrically with respect to the center of gravity. 
Hence a correction factor was applied to the vertical motion at 
the power-plant center of gravity. The pickup pair which 
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Fic. 7 Bripck Nerwork ror OBTAINING SIMULTANEOUS INDICA- 
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Fic. 9 Visratrion Pickup INSTALLATION IN Fronr Cockpit or 
AT-6C AIRPLANE 


measured lateral and rolling vibration was located in a plane 8 in. 
ahead of the center of gravity so that the lateral motion indicated 
contained components due to yawing vibration of the power plant 
about its center of gravity. A pickup was located in each cockpit 
to measure lateral vibration of the fuselage structure, Fig. 9. 
Selection of pickups was accomplished by means of a hand-oper- 
ated rotary switch which fed the outputs of two pickups at a time 
into the amplifiers. Pickups were calibrated before and after 
tests by means of a mechanically driven calibrator which produces 
sinusoidal vibratory motion at a predetermined amplitude. 

In order to correlate the vibration frequencies with engine 
speeds, a pickup coil was installed on one of the spark-plug 
cables. The voltage induced in this coil was fed into the second 
stage of one of the amplifiers. This produced a mark super- 
imposed on the vibration traces each instant the corresponding 
cylinder fired. 

The amplifying and recording equipment was located in the 
rear cockpit where it could be controlled by the operator, Fig. 10. 
The amplifiers and oscillograph were powered by the 12-v elec- 
trical system of the airplane. The voltage input to the equip- 
ment was maintained at 12 v by means of a rheostat in series. 

“Scratch plates” were installed on the three unused crankcase 
mounting bosses in the experimental engine-mount installation 
for the purpose of measuring over-all deflections of the mounted 
power plant. Stylii were held against the plates by means of 
springs in such a way that relative motion between the engine 
mount and crankcase resulted in scratches on the plates. 

Test Procedure. The following tests were conducted in con- 
secutive order: 

1 Vibration records for the standard AT-6C engine-mount 
installation were taken in level flight at 8000 ft altitude through- 
out the operating range of engine speeds. Upon completion of 
this test, the standard engine mount was removed from the air- 
plane and the experimental mount installed. 

2 The test just outlined was repeated with the experimental 
engine-mount installation. 

3 Vibration records for the experimental engine-mount in- 
stallation were taken at various engine speeds while the airplane 
was in a 20-deg bank both to the right and to the left. 

4 A series of ground tests were conducted for the purpose of 
checking the natural modes and frequencies of the power plant 
elastically suspended on the experimental mount. The natural 
mode in roll about the crankshaft axis was excited by running the 
engine on one magneto with one spark plug disconnected. This 
caused an excitation about the crankshaft axis at a frequency 
corresponding to one-half engine speed. The engine speed was 
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Fic. 10 InsTALLATION OF VIBRATION-RECORDING EQUIPMENT IN 
AT-6C AIRPLANE 


increased to 2200 rpm on both magnetos, at which speed the 
engine was switched over to the magneto having one spark plug 
disconnected. A vibration record of the rolling mode was then 
taken as the engine was throttled back to idling speed in a 
period of approximately 25 seconds. The spark plug was re- 
connected and sufficient masking tape was applied to a propeller 
blade to cause an unbalance of approximately 1.05 in-lb rotating 
at crankshaft speed. The engine speed was again raised to 2200 
rpm and lowered to idling speed while vibration records of the 
pitching, vertical, yawing, and lateral modes were’ being taken. 

5 A series of tests were conducted to determine the maximum 


Fie. 11 


movement of the engine relative to the supporting structure under 
various conditions by means of stylii bearing on scratch plates. 
The first condition investigated was that of cold idling of the 
engine. Stylii were allowed to bear on the scratch plates for 
approximately 1 min while the engine was idling in a cold condi- 
tion. For the second condition, the stylii were allowed to bear on 
the plates while the engine was started, held at idling speed for a 
short time, and then shut down. The third condition consisted of 
an entire flight including starting, ‘‘warming up” the engine, 
taking off, climbing to an altitude of 8500 ft, making 41/2 turns of 
a right-hand spin, landing, and shutting off the engine. The 
stylii were allowed to bear against the plates for the entire flight. 

6 In order to determine the durability of the experimental 
mount in service, the airplane was assigned to Headquarters, Air 
Technical Service Command, for postadministrative and flying 
duties. 


ANALYSIS OF VIBRATION RECORDS 


Vibration records were prepared for harmonic analysis by en- 
larging to a 40-cm base line a section of each vibration trace in- 
cluded between two spark indications which mark an interval 
corresponding to four engine revolutions. The enlarged vibra- 
tion traces were then analyzed for the five largest harmonics by 
means of a Coradi-type five-element rolling-sphere harmonic 
analyzer, Fig. 11. 

The principle underlying the operation of the Coradi-type 
harmonic analyzer can be understood by considering the mathe- 
matical properties of the Fourier series (3). It can be shown that 
any periodic curve f() can be expressed as a Fourier series, that is 


f() = ao + asin wt + az sin 20t + .... +a, sin not .... 


+ b; cos wt + bz cos 2wt + .... +5, cos nut .... 


2 


where the function repeats itself in a period T = The fre- 


Ww 
quency of the fundamental or first harmonic is represented by w 
and the frequency of the nth-harmonic by nw. It can be shown, 
furthermore, that the amplitudes may be expressed as 


2a 


a, =- f(t) sin nwtdt 
T 0 


SEK x 


Arm TecHNICAL SERVICE ComMAND Frve-ELEMENT ROLLNG SPHERE Harmonic ANALYZER 


These definite integrals can be evaluated for a particular har- 
monic by determining the area included between the harmonic 
curve and the neutral axis. The Coradi-type harmonic analyzer 
measures these areas by applying the principles utilized in the 
ordinary planimeter. Each integrator head is geared to revolve 
about a vertical axis n times as the curve follower moves on a lead 
screw across a span of 40 cm which represents the period of the 


2a : 
first harmonic —. On each integrator head are two planimeter 


w 
wheels in vertical planes at right angles to each other, Fig. 12. 


S=Sine dial reading = 2) Fe) sin nwt dt 


= +f sin*(nut) d(nwt)=na, 


° 


Fic. 12 I t.tusrratTion of THE Way IN WHICH THE CORADI-l YPE 
Harmonic ANALYZER OPERATES UPON THE PERIODIC CurRVE f(t) = 
7 On Sin nwt 


(The sphere makes one complete revolution about a vertical axis in the 
period included between 0 and ratty 
w 


dial registers an and the cosine dial registers 0, hence the amplitude An 
an? + bn? = an. Inn periods the sine dial will read nan.) 


The planimeter wheels bear against a ground-glass sphere. The 
sphere in turn rides on a wheel which revolves in accordance with 
back-and-forth motion of the entire machine. The machine is 
constrained to back-and-forth motion only, and this motion is 
controlled by the operator in keeping the curve follower on the 
vibration trace as the lead screw advances the follower across the 


carriage. The speed of the lead screw can be controlled by a foot 
pedal which varies the speed of the driving motor. The plani- 
meter wheels are calibrated to read Za, and Zb,. In order to 


determine a, and b,, the planimeter readings must be divided by 
the harmonic being extracted, that is 


2b, 


nr 


2 
tl b, 


an and 


At the end of the revolution, the sine . 
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The resultant amplitude is 


Habs ONY a,” ap ie 
and the phase angle may be found as 


b, 


tan ¢, = 


g 


n 


The property of the analyzer which enables it to exclude all har- 
monics other than the nth harmonic being extracted can be 
understood by considering a harmonic amplitude hp having a 
frequency mw. . Then 


f(t) = ho sin (mot + ¢) 
Qa 


o 
and tn = = i ho sin (mot + ¢) sin nwtdt 
m JO 
but 
sin (mot + ¢) = sin mat cos ¢ + cos mat sin d 
on J 
cos 2 
a, = 7 sin mot sin nwtdt 
T 0 


2a 


ff cos met sin natdt = 0 
0 


Similarly b, = 0, showing that the planimeter dials produce a 
zero reading over the complete cycle except for the nth harmonic. 


pastas 
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Discussion oF Test RESULTS 


The test results presented in Table 2 indicate that the experi- 
mental engine mount was very efiective in attenuating that 
vibratory response of the power plant due to first-order forcing 
functions. These forcing functions, which correspond to the 
rotational speed of the engine crankshaft, arise from the inherent 
inertia forces of the articulated connecting-rod system, gas- 
pressure forces in the cylinders, and static, dynamic, and aero- 
dynamic unbalances in the directly driven propeller. 

On the other hand, the natural frequencies of the power plant _ 
on the standard mount were in a range where they could be 
excited by the first-order forcing functions, that is, the inertia 
and gas-pressure forces which produce alternating first-order 
couples about the crankshaft axis, induced resonance of the 
power plant on the standard mount at 1440 rpm. Inertia forces 
and propeller unbalances excited angular and translational modes 
about and along the vertical and lateral axes of the power plant. 
Resonances occurred in pitch about the lateral axis at 1460 and 
2020 engine rpm. These peaks were reflected slightly in the 
measured vertical vibration and thus indicate appreciable cou- 


TABLE 2 FIRST-ORDER POWER-PLANT VIBRATION FOR STANDARD AND EXPERIMENTAL MOUNTINGS 


Nominal -—Roll about— 7—Pitch about— -——Yaw about— 
engine speed Xx-X Y-Y - 
settings, rpm Std Exp Std Exp . std 

1100 0.0035 Brrr 0.0045 0.0080 0.0055 
1200 0.0115 0.0070 0.0070 0.0095 0.0055 
1300 0.0315 0.0065 0.0090 0.0090 0.0100 
1400 0.0375 0.0060 0.0300 0.0110 0.0245 
1500 0.0320 0.0090 0.0165 0.0125 0.0445 
1600 0.0280 Maids 0.0160 0.0120 0.0380 
1700 0.0240 0.0085 0.0080 0.0050 0.0240 
1800 0.0150 0.0085 0.0120 0.0065 0.0150 
1900 0.0125 0.0100 0.0110 0.0055 0.0250 
2000 0.0165 0.0100 0.0270 0.0055 0.0220 
2100 0.0110 0.0090 0.0135 0.0035 0.0235 
2200 0.0115 0.0090 0.0165 0.0080 0.0175 
2250 0.0145 0.0100 0.0155 0.0080 0.0110 
Note: Double amplitudes in degrees for rotation, in inches for translation, 


—Thrustwise along— Lateral along— —Vertical along— 


Exp Std Exp Std Exp Std Exp 

Sn 0 nares 0.0025 eae 0.0020 rates 

0095 0.0005 0.0010 0.0045 0.0025 0.0010 0.0010 
0135 0.0005 0.0010 0.0070 0.0035 0.0010 0.0010 
0055 0.0025 0.0005 0.0040 0.0025 0.0030 0.0005 
0045 0.0035 0.0005 0.0030 0.0025 0.0035 0.0015 
0085 0.0025 0.0005 0.0040 ete 0.0035 0.0010 
0115 0.0015 0.0010 0.0040 0.0030 0.0020 0.0010 
0150 0.0015 0.0020 0.0040 0.0030 0.0020 0.0010 
0140 0.0020 0.0010 0.0040 0.0030 0 0.0010 
0155 0.0010 0.0015 0.0045 0.0030 0.0025 0.0010 
0155 0.0010 0.0010 0.0040 0.0030 0.0005 0.0010 
0180 0.0005 0.0005 0.0050 0.0035 0.0010 0.0010 
0105 aha 0.0010 0.0040 0.0030 0.0015 0.0010 
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pling between the two modes. A resonance also occurred in yaw 
about the vertical axis at 1540 engine rpm which exhibited slight 
coupling with thrustwise vibration. A first-order lateral reso- 
nance of the power plant was measured at 1320 engine rpm. 

The experimental mount eliminated all first-order resonances 
experienced with the standard mount. Reductions of power- 
plant response were attained amounting to as much as 76 per cent 
in roll about the crankshaft axis; 58 per cent in pitch about the 
lateral axis; and 84 per cent in yaw about the vertical axis. 
First-order lateral motion in the front cockpit also was reduced 40 
to 75 per cent throughout the operating range of engine speeds. 
Lateral motion in the rear cockpit was not reduced but was very 
small for both engine-mount installations (0.0025 in. or less). 

Since the natural frequencies of the power plant on the standard 
mount were well above the range where they can be excited by one- 
half order forcing functions (arising from irregularities in ignition 
and air-fuel induction) the corresponding power-plant responses 
indicated were largely due to excitation of a combined bending- 
torsion mode of the fuselage. This was confirmed by a lateral 
response in the rear cockpit which corresponded to the power- 
plant yawing response about the vertical axis at 2040 rpm (1020 
cycles per min). A variation of this mode apparently was re- 
sponsible for the magnified vertical power-plant response, coupled 
with roll about the crankshaft axis at 1780 to 1830 rpm (890 to 
915 cycles per min). 

The experimental mount did not alter appreciably the magni- 
tude of one-half order power-plant response. Lateral response 
of the rear cockpit followed very closely that measured for the 
standard mount. 

_ First-order crankshaft unbalance forces are largely compen- 
sated by the counterweight in a radial engine but this compensa- 
tion introduces transverse second-order forces of appreciable 
magnitude because the center of mass of the rotating and articu- 
lating system travels in an oval rather than in a circular path, as 
does the center of mass of the counterweight. The frequency of 
the second-order forces is above the natural frequencies of the 
mounted power plant by a sufficient amount to result in approxi- 
mately the same power-plant and cockpit response for either the 
‘standard or the experimental mount. Since the second-order un- 
balance forces act in the transverse plane, a comparatively low 
magnitude of vibration was measured in all modes of power-plant 
motion other than lateral or vertical. The second-order response 
of the cockpits probably was largely due to propeller-blade-pas- 
sage impulses in the slip stream which impinged upon the canopy. 

Because the moment of inertia of the power plant about a given 
transverse axis varies from a maximum to a minimum twice dur- 
ing each revolution of a two-blade propeller, second-order gyro- 
scopic couples result during a bank and turn due to rotation of 
the airplane about its vertical axis. In order to check this effect 
for the experimental engine-mount installation, vibration records 
were taken at various engine speeds during a 20-deg bank and 
turn both to the right and to the left. Examination of the records 
revealed no important increase of second-order response of the 
power plant or the cockpit structure. 

Two 31/,-order peak responses were indicated in the angular 
modes about the vertical and lateral axes at 1430 rpm (5000 cycles 
per min) and 1830 rpm (6410 cycles per min) which were the result 
of so called “conical whirls.’’ In this particular case the whirls 
were largely independent of the dynamics of both engine mounts 
because they were generated by 41/2-order (frequency of cylinder 
firing) torsional vibration of the crankshaft combined with crank- 
shaft bending. This mode of crankshaft vibration energized a 
propeller-bending mode which was symmetrical in the plane of 
rotation but asymmetrical perpendicular to the plane of rota- 
tion, that is, the propeller tips were moving out of phase in a 
thrustwise direction but in phase in the transverse plane. In 


such a condition, transverse reactions are imposed upon the thrust 
bearing due to the symmetrical vibration of the propeller blades 
in the plane of rotation, and moments about transverse axes are 
imposed upon the propeller shaft due to asymmetrical propeller- 
blade vibration perpendicular to the plane of rotation. These 
forces and moments cause a conical whirl of the engine at a fre- 


iE 
quency of (» 2) where n is the harmonic order of propeller 


vibration, N is the engine speed, and P is the propeller speed (4). 

In the case under consideration, the whirling frequency was 
31/.-order (41/2—1) although 41/:-order vibration of the power 
plant was negligible. This mode was also apparent in the indica- 
tion of the lateral pickups which were located in a plane ahead of 
the power-plant center of gravity so that they responded to a 
yawing component of motion. Since there was no 31/,-order 
response vertically, it is apparent that the power plant underwent 
a conical whirl with a node in the vicinity of the power-plant cen- 
ter of gravity. 

The engine run-down tests with one cylinder not firing, as con- 
ducted on the experimental engine mount, indicated that the 
power-plant natural frequency in roll about the crankshaft axis 
was 680 cycles per min (645 cycles per min calculated). The 
natural frequencies excited by unbalancing the propeller 1.05 in. 
lb were 850 cycles per min for the vertical-pitching mode and 865 
cycles per min for the lateral-yawing mode. The calculated 
natural frequency for the vertical and lateral modes was 875 
cycles per min and for the pitching and yawing modes, 547 cycles 
per min. The engine could not be run slow enough to produce a 
satisfactory excitation of the pitching-yawing natural modes, 
however. The foregoing natural frequencies are sufficiently low 
to provide adequate vibration isolation for the important forcing 
functions. Resonance with one-half order couples about the 
crankshaft axis is possible at 1360 rpm (680 cycles per min), but 
under the conditions of the flight tests, the response indicated 
was small. ¥ 

The results of scratch-plate records indicating relative motion 
between the crankcase and mounting ring for the experimental 
mount are given in Table 3. The mounting elements are manu- 


TABLE 3 SCRATCH-PLATE RECORDS OF RELATIVE MOTION 
BETWEEN CRANKCASE AND MOUNTING RING 


—— Indicated——— 
deflection, in. 


Condition Right Left Top Remarks 
Engineidling prior to warm-  1/s 1/g — Deflection on clockwise 
up side of neutral position 
due to torque reaction 
Engine started, idled at °%/s4 13/g4 0 — 
550 rpm, shut off 
Engine started, airplane  5/s2 5/32 5/32 Deflection due to torque 
taken off and climbed to © reaction at take-off 
8500 ft, 41/2 turns of a power 
spin made, airplane : : 
landed and engine shut 1/16 1/ys 1/16 Diameter of circular trace 
off resulting from spin 


factured 0.140 in. eccentric in order to offset engine torque. The 
scratch-plate records show a deflection of 0.156 in. at take-off 
power. This means that full engine torque deflects the mounting 
elements 0.016 in. beyond the concentric configuration which is 
not considered to be excessive. No metal-to-metal contact in 
the mounts is likely to occur. 


ConcLusION 


The principles embodied in the design of the experimental 
engine mount herein described are applicable for the control of 
vibration in many types of aircraft where lightweight and sim- 
plicity of design are important factors. Vibration, control need 
be limited no longer to the larger aircraft-engine installations. 
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On the contrary, development of this type of engine mount sug- 
gests new opportunities for attaining greater flying comfort and 
added serviceability in light airplanes without attendant design 
penalties. It will be an increased pleasure to fly in the light 
airplanes of tomorrow! 
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Gasoline Explosion Pressures 


By M. S. PLESSET! anp F. R. GILMORE,? SANTA MONICA, CALIF. 


A numerical method is outlined which permits the cal- 
culation of the temperatures and pressures obtained when 
mixtures of air and aviation-gasoline vapor are exploded 
in a closed chamber. The calculations use basic thermo- 
dynamic data to determine the final equilibrium state of 
the air and gasoline mixtures after combustion. Similar 
calculations have been carried out previously by other 
investigators, but only for a limited range of mixture 
ratios. Experimental measurements of the explosion 
pressures were made using an explosion bomb with a 
strain-gage pressure pickup. The measured pressures 
were of the same order of magnitude as the calculated 
pressures, but in general were somewhat above the theo- 
retical values. Some possible explanations for this trend 
are discussed in the text. 


INTRODUCTION 


HE investigation covered by this paper was initiated so 

that some conception could be formed of the tempera- 

tures and pressures developed in aviation combustion 
heaters under the assumption that an explosion takes place. 
No general solution of the problem applicable to all mixture 
ratios was found so that an analysis based on fundamental 
physico-chemical principles was necessary. 

An estimate was also desired of the ignition limits of gasoline- 
air mixtures at various temperatures and pressures. These limits 
have an important bearing on the problem of combustion-heater 
ignition. ; 

THEORETICAL CONSIDERATIONS 


The pressures which are produced when a mixture of air and 
fuel vapor explodes in a closed chamber can be calculated from 
basic chemical principles, provided the assumption is made 
that all chemical reactions reach equilibrium at the high explo- 
sion temperature, and provided that sufficient thermodynamic 
data on the reaction products are available. 

If aviation gasoline is assumed to have the average molecular 
composition, CsHis, the combustion of 1 mole of a gasoline-air 
mixture can be represented by the following total reaction: 


X CsHy, + 0.2095 (1 — X) Oz + 0.7809 (1 — X) Nz + 0.0093 
(1 — X) A + 0.0003 (1 — X) CO. ~ a CO; + b CO + ¢H,0 + 
dH, +e0,+fN2+gNO+ANO,+i1CH,+j0H +k 
H+m0+70;+qC (graphite) +7 C2 (gas) + sC(gas) +t NH; 
+ 0.0093 (1 — X) A 
In this X is the mole fraction of gasoline vapor present before 


the explosion. The composition of dry air, according to Hum- 
phreys (1)? is used. Although argon does not take part in the 


1 Analytical Group Engineer, Douglas Research Laboratories, 
Douglas Aircraft Company. 

2 Analytical Group, Douglas Research Laboratories, 
craft Company. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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chemical reaction, it has been included in the equation because 
its thermal capacity enters into the heat-balance equation. The 
seventeen letters a to t represent unknown coefficients which 
are to be determined. Some possible products of the reaction, 
such as CH and CHy, have been omitted because thermodynamic 
data on these compounds are not available; it is believed that 
this omission should not appreciably affect the results. Other 
possible products, such as C2H., C2Nz2, etc., can be shown to be 
entirely negligible. 

The requirement that the foregoing reaction equation be bal- 
anced yields four equations for the unknown coefficients 


at+b+itgq+2r+s = 8X + 0.0003 (1— X)....[1] 
Qe + 2d + 45 +57 +k + Bt = 16X..-....... 
Qat+bt+ce+2e+g+2h+j+m + 3n = 0.4196 (1— X)..[3] 
ftgth+t = 1.5618 (1—X) 


The remaining thirteen equations necessary for the evalua- 
tion of the seventeen constants are derived from a consideration 
of the various reactions which are assumed to be in equilibrium 
at the explosion temperature; for example, the carbon monoxide 
can react with the oxygen to form carbon dioxide 


CO + 1/202 = COz 


For this reaction, there is a certain equilibrium constant 


pcoWV poz 


Pcoz 


K, = 
where pco, poz, and pcoz are the partial pressures of the carbon 
monoxide, oxygen, and carbon dioxide, respectively. If the 
explosion has taken place at constant volume, then b moles of 
carbon monoxide, e moles of oxygen, and a moles of carbon di- 
oxide are occupying the same volume at the explosion tempera- 
ture T,, that one mole of the mixed gases occupied at the initial 
temperature 7’, and pressure Ps. From the perfect-gas law, it 
follows that 


d ken 
D0 mB Gree 

fi 
pone tan 2 

di 
Poor = 4 Po 


The expression for the equilibrium constant then becomes 


pooV poz _ b iy Ei 
To 


pcoz a 
In a similar manner, twelve other equations can be derived 


pus'V pos 


PH20 


Ki = 


d 
Kk, = = 


PNO g ~ 
| Os ee errr [7] 
: V *przpo2 V/ fe 
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pwoV pos g ee 
i = (4 soo Po A eee) On eo [8] 
PNO2 h T 


Bae 
3 af | 7 
rae Vonstpne _ Vay [ = P| PUBRGR [9] 
PNH3 t To 
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sg Se ell | rey oe [10] 
PH20 c 0 
= => —_ Toa P PePCC UR MCE Sit fe) Ce wre or 11 
K; ar q \s 0 } 
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Kei ele P.| Be ee ee 12] 
Po2 @ T 


Ko Lo al i oR ee 13] 
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2 dae 
eee CELLS [16] 
pcus tLTo 
Ls 
Ky = PC(gas) = § T. Po , (q > 0) tree eeae [17] 
0 


The values of these equilibrium constants at various tem- 
peratures are given in Appendix 1 (Table 3). A sufficient num- 
ber of algebraic relations have now been obtained to permit the 
calculation of the amount of each gas present after combustion, 
provided the temperature can be determined. 

The explosion temperature 7’,, is calculated by equating the 
energy of combustion of the fuel at constant volume to the en- 
ergy required to heat the products of combustion to the tem- 
perature 7’, plus the energy required to cause the dissociation 
which occurs at this temperature. The energy of complete com- 
bustion of 100-octane gasoline vapor can be taken to be 18,700 
Btu per lb (for the liquid) plus 140 Btu per lb (energy of vapor- 
ization; see Appendix 1). The internal energies of various 
gases at different temperatures, using as base values (zero in- 
ternal energy) the energy of CO2, H2,O, O2, and Ne, and A, are 
given in Table 2. 

The solution of these relations to obtain the explosion tem- 
perature and pressure involves successive approximation. Fora 
particular mole-fraction of fuel vapor X, and particular initial 
temperature and pressure 7’) and Po, a value for the explosion 
temperature 7’,, is guessed, and the values for the equilibrium 
constants, Ky,...., Kis, at the temperature 7’,, are interpolated 
from the table in Appendix 1. The values for 7», T,,,, Po, Ki, 
. . ., Kis can now be substituted in the equilibrium equations. 
These equations are then solved for the unknown coefficients, a, 
..., t, by the method of successive approximation. Thus, the 
chemical composition of the mixture after combustion has been 
calculated. The energy balance is then checked by comparing 
the energy evolved in the complete combustion of the fuel 
with the energy change associated with the heating of the reaction 
products from 7’) to T,,, accompanied by the change in chemical 
composition from CO2, H,O, Nz, and O, to the composition just 
calculated. If the energy does not balance, a new value of 7’, 
must be estimated and the whole process repeated. 

After the temperature and composition of the mixture after 
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explosion are found in this manner, the explosion pressure is 
readily calculated from the formula 


where N,, is the number of final moles of gas per unit initial 
mole and is therefore equaltog +b+c+...+4. 

An example of the calculation of explosion temperatures and 
pressures by this method is given in Appendix 2. 

For five particular mixture ratios, corresponding to five values 
of X, thermodynamic charts were available which greatly sim- 
plified the problem of calculating the explosion temperatures and 
pressures. These charts are not reproduced here because they 
are as yet restricted in distribution. 


APPARATUS AND TESTS 


In order to check the calculations of explosion pressures experi- 
mentally, a spherical explosion bomb was constructed by modify- 
ing a 9-in. aluminum pressure accumulator. A pair of strain 
gages was cemented to the outside surface of the bomb. The 
pressure pickup system is shown in Fig. 1, and a block diagram 
of the electrical circuit is given in Fig. 2. 
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— T, = 68°F, P=14.70 
----- T= -I3F, P=14.70 
seeseenee T, = -67°F, P=14.70 
—-— T,=-13°F, P= 675 
---- T, =-67°F, P=272 


The two strain gages used to measure the pressure were made 
opposite legs of a balanced Wheatstone bridge. Pressure inside 
the bomb caused the surface of the bomb, and hence the gages, 
to be strained, which increased the resistance of the gages and 
produced a voltage difference across the vertical plates of an os- 
cilloscope. A single-sweep voltage pulse was simultaneously 
applied to the horizontal plates. 

In the tests, the bomb was charged by injecting measured 
amounts of 100-octane gasoline into it. The bomb was agitated 
manually, then allowed to stand for 15 or 20 min to permit com- 
plete vaporization. The pressure of the gasoline-air mixture 
immediately before the explosion was therefore 1 atm plus the 
partial pressure of the gasoline vapor. The mixture was ex- 
ploded by a spark, and the pressure rise was shown visually by 
the oscilloscope. The oscilloscope trace was simultaneously 
photographed. To determine the actual explosion pressure, the 
oscilloscope trace deflection shown on the photographic film was 
measured and compared with the deflections produced by charg- 
ing the bomb with compressed air under known pressures. 


RESULTS OBTAINED 


Theoretical. The temperatures and pressures that should re- 
sult when various mixtures of air and 100-octane gasoline are ex- 
ploded in a closed chamber, at various initial temperatures and 
pressures, have been calculated by the method described in the 
section discussing theory. Sample calculations are given in 
Appendix 2. The results are presented graphically in Figs. 3 and 
4, 

The results have been related to the conventional mixture 
ratio Mp, which is defined as the ratio of the weight of air to the 
weight of gasoline vapor. It should be noted that 


28.98 
Vol per cent-of gasoline vapor 112.2 
= 0.2583 (1 — X)/X 


Vol per cent of air 


Mz= 


Experimental. The results of the explosion pres- 
sure measurements made with the spherical bomb 
are given in Table 1. These results are also com- 
pared graphically with the theoretical curve in 
Fig. 5. 

Discussion OF RESULTS 


Theoretical. It can be seen from Figs. 3 and 4, 
that very good agreement is obtained between the 
algebraic method of calculation developed in this 
paper and the method based on thermodynamic 
charts. 

Except for very rich mixtures, these theoretical 
calculations should be quite accurate. The gaso- 
line has been rather arbitrarily assigned the aver- 
age composition CsHj., which is equivalent to speci- 
fying a hydrogen-carbon ratio of 2, and an ayer- 
age molecular weight of 112. The hydrogen-car- 
bon ratios for aviation gasolines are known to be 
very close to 2; moreover, a considerable variation 
of the ratio affects the calculated pressures only 
slightly (for example, use of the charts of reference 
(2) calculated for a hydrogen-carbon ratio of 2.25, 
gives for Mg = 14.76 a pressure 0.7 per cent 
lower). The molecular weight enters into the prob- 
lem only in the determination of the amount of air 
displaced by the fuel vapor. A 10 per cent error 
in the estimated molecular weight would change 
the final results by only 0.5 per cent for X 
= 0.05. 


PSIA 
PSIA 
PSIA 
PSIA 
PSIA 
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TABLE 1 EXPERIMENTAL MEASUREMENTS OF EXPLOSION 
PRESSURES 
Me Time Allowed T Time, Spark ie (cale.) AP 1 
for Vaporiz. on to Max. Press. 
min. PF sec? psia** psi psia 

4.6 16 70 0.15 15.5 158 174 
4.6 15 72 0.22 MW 130 ub 
5.2 15 91 0.40 15.4 112 127 
542 alt) gl 0.65 td 102 117 

5.2 15 87 0.35 " 107 ne 
542 915 4. 0.15 a 165 180 

6 17 66 0,12 15.3 168 183 

6 18 70 0.12 n 162 177 

6 17 49 0.22 C 146 161 

6 26 56 0.12 LJ Wl 156 

6 16 61 0.12 « 46 161 

{/ 16 70 0.09 15.2 170 185 

7 16 70 0.09 cl 170 185 

7 16 0.09 \ 165 180 

8 15 70 0.11 ny 130 145 

8 15 0.13 pi 187 202 (1t) 
8 25 0.12 " 182 197 (2) 
11 16 80 0.09 15.1 168 183 

2bu 17 84 0.09 « 168 183 

il 16 87 0.09 iW 162 177 

15 20 9” 0.12 4.9 161 176 (3) 
15 15 92 0.12 f 153 168 (4) 
at) 15 92 0.17 Ls 147 162 ( 
18 15 86 0.21 n 120 135 

18 17 80 0.23 ll2 127 

18 17 80 0.26 n 12 7 

18 15 75 0.23 Y 12 127 

a) 15 75 0.35 i 95 110 

22 27 84 0.40 wt 103 118 

22 16 84 0.45 5 95 110 


| 


* Tabulated times may all be short by about the same amount. 
** Initial pressure equals one atmosphere plus the partial pressure of the 
gasoline vapor. 
Numbers indicate first five explosions in the bomb, showing decrease 
of pressure readings as inside of bomb becomes coated with carbon and ather 
explosion products. 


The error due to inaccuracies in the values for the internal 
energy of the gases (Appendix 1) should be less than 0.5 per cent. 
Inaccuracies in the values of the equilibrium constants would 
probably affect the results by less than 1 per cent. ‘The possible 
errors caused by nonequilibrium conditions, radiation losses, 
and other minor effects‘ are presumably small, since calculations 
by Lewis and von Elbe® for explosion pressures of lighter gases 
(He, CO, C.H2) agree with the experimentally measured pres- 
sures within 3 per cent. (These lighter gases contain the same 
elements as gasoline, and the composition of the hot burned mix- 
ture depends only on the elements present and the temperature, 
not on the original compounds present.) 

When very rich mixtures are exploded, radicals such as CH and 
CH, can be expected to take part in the reaction. No thermo- 
dynamic data on such radicals are available, so their presence 
has been perforce neglected in the calculations for this paper. 
The error thus introduced is probably not large, since the calcula- 
tions show that the related molecule CH, is present only in a 
minor amount. However, at the lower explosion temperatures 
which occur with rich mixtures, the assumption that all chemical 
reactions reach equilibrium may be in appreciable error. More- 
over, the presence of finely divided free carbon may greatly in- 
crease the radiation losses. For these reasons, that part of the 
theoretical curves to the left of 17% = 8 should be considered as 
approximate only. 

Experimental. A graphical comparison of the explosion-pres- 
sure calculations with the experimental measurements is pre- 
sented in Fig. 5. As was explained in the “Apparatus and Tests” 


4 Such as the nonuniform final temperature distribution (reference 
(3), pp. 167, 175-176, 293-299), and the ‘‘excitation lag’’ due to the 
greater rapidity with which energy flows into the translational and 
rotational rather than the vibrational degrees of freedom (reference 
(3), p. 306). 

5 Reference (3). pp. 301-308. 
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section, the initial pressures for the bomb explosions were slightly 
higher than 1 atm, and the initial temperature assumed in the 
calculation of the theoretical curve was 68 F. 

The experimental points fall generally above the theoretical 
curve and also show much scatter among themselves. -A num- 
ber of factors probably contribute to these discrepancies. Per- 
haps the most important factor is the incomplete vaporization 
and mixing of the fuel. The theoretical calculations assume 
that the gasoline is completely vaporized and the vapor uni- 
formly mixed with the air. Under the conditions of the tests, 
it is very possible that the heavier fractions of the gasoline re- 
mained unvaporized. Since the lighter hydrocarbons in the 
gasoline have hisher heats of combustion, the actual explosion 
pressures would be above the calculated values. This agrees 
with the experimental measurements. Furthermore, for mix- ~ 
tures richer than the maximum-pressure mixture, the experi- 
mentally measured pressures would appear to be too high be- 
cause the mixtures are actually leaner than would be supposed 
from the amount of gasoline injected. The large variations in 
pressures for repeated explosions of mixtures having supposedly 
the same mixture ratio can be attributed to variations in the 
degree of vaporization of the fuel and in the homogeneity of the 
explosive mixture. 

A possible cause of error in the strain-gage pressure measure- 
ments is the thermal strain produced by the contact of the hot 
gases with the inner surface of the bomb wall. If the wall were 
uniformly heated, the temperature of the gages would rise 
simultaneously, and the error introduced would be small, since 
the gages are practically temperature-compensated for aluminum, 
However, only the inside surface of the bomb is heated by the 
gases. If the temperature at the outer surface remains con- 
stant, while the temperature increases toward the inner surface 
such that the average temperature increase throughout the shell 
is 1 C, it can be shown that the thermal strain causes a rise in the 
apparent pressure reading of about 85 psi, while the heat loss 
from the gas mixture reduces the actual pressure about 30 psi, 
leaving a net apparent increase in pressure of 55 psi. It is dif- | 
ficult to determine how high a temperature rise in the shell of the 
bomb should be expected during the short time between sparking 
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and attainment of maximum pressure, but a 1-deg C average rise 
might not be unreasonable. It might be expected that the layer 
of carbon and other materials deposited on the inner surface of 
the bomb-after several charges have been exploded would reduce 
the amount of heat conducted to the walls and therefore reduce 
the apparent pressure readings. The experimental data, which 
designate the first five charges fired, appear to confirm this hy- 
pothesis (see Table 1). 

An estimate has been made of the gasoline temperature as a 
function of air pressure which gives the lean-explosive-limit 
mixture with gasoline vapor saturation. This estimate is shown 
in Fig. 6, where air pressure has been converted into altitude by 
the standard atmospheric table. The gasoline vapor pressure 
as a function of temperature was taken from work of the Co- 
operative Fuel Research Committee. As long as the rich explo- 
sive limit is not exceeded, the region above this curve is the region 
of true ignitibility, assuming that the lean-limit-mixture ratio is a 
constant independent of temperature and pressure. The latter 
assumption implies that the kinetics of the chain reactions in- 
volved in ignition do not change appreciably within the tem- 
perature and pressure range. Such an assumption can only rep- 
resent an approximation and most likely is optimistic in that the 
air-gasoline lean-limit mixture will tend to decrease with tem- 
perature. The true ignition-limit curve would thus most likely 
be above the curve in Fig. 6. 


TEMPERATURE - DEGREES FARENHEIT 


-/00 =f J 
(2) 10,000 20,000 30,000 40,000 50,000 


ALTITUDE in FEET 


Fic. 6 Esrimarep Lean-Expiosive-Limir TEMPERATURES FOR 


SaruraTep GASsoLINE-AIR MIxTURES 
(Standard atmospheric conditions assumed.) 


CONCLUSIONS 


A method is developed which permits the calculation of the 
temperatures and pressures attained when mixtures of air and 
aviation-gasoline vapor are exploded in a closed chamber. Fora 
few mixture ratios, calculations may be made by the use of ther- 
modynamic charts. Calculations by the two methods show close 
agreement. The results for various initial temperatures and pres- 
sures are presented graphically. 

Experimental measurements of the explosion pressures were 
made using an explosion bomb with a strain-gage pressure pickup, 


6 Reference (4), p. 44. 


The measured pressures were of the same order of magnitude 
as the calculated pressures, but in general were somewhat higher 
than the theoretical values. Possible explanations for this trend 
are incomplete vaporization of the fuel, incomplete attainment of 
chemical equilibrium at the explosion temperature, and errors in 
the pressure measurements caused by temperature gradients. 

An estimate of the lower ignition-temperature limit as a func- 
tion of altitude, for standard atmospheric conditions, is also 
given. 


Appendix 1 


THERMODYNAMIC DATA 


The internal energy of combustion (i.c., heat of combustion 
at constant volume) of gasoline vapor is equal to the energy of 
combustion of liquid gasoline plus the energy of vaporization of 
gasoline. A minimum net calorific value of 18,700 Btu per 
Ib is specified? for 100-octane gasoline (liquid). No data have 
been found for the energy of vaporization of 100-octane gasoline, 
but Holcomb and Brown (5) give the heat of vaporization of nor- 
mal octane at room temperature as 140 Btu per lb. Since this 
figure does not affect the total greatly, the approximation that 
the energy of vaporization of aviation gasoline equals 140 Btu 
per lb will be used. The energy of combustion of the gasoline 
vapor is therefore 18,700 + 140 = 18,840 Btu per Ib. If the 
gasoline has an average molecular weight of 112.21, this value is 
equivalent to 1,174,400 cal per g-mole. 

Values for the thirteen pertinent equilibrium constants at 
various temperatures are given in Table 2 and plotted in Fig 7. 
The values are taken from Lewis and von Elbe (3), except the 
values for log Ks, which are derived from an expression for the 
free energy of NHs given by Thacker, Folkins, and Miller (6). 

Table 3 shows the internal energy per gram-mole of the various 
gases present after combustion, as a function of temperature. 
For the gases usually present in large amounts, exact energy 
values at various temperatures, taken from (2), are given. For 
gases present only in small amounts, approximate equations for 
the energy as a function of the absolute temperature are given. 
These expressions have been derived* from values of C,; and 
from values of the energies of reaction.? The quantities are ex- 
préssed in terms of gram-moles and degrees Kelvin (deg C + 
273.2) rather than in the usual engineering units. In all cases, 
the zero energy level is taken as the internal energy of CO,, H.0, 
Oo, Ne, and A at 300 K, but corrections are given for changing 
to a base level of 20 C (68 F), —25 C (—18 F), or —55 C (—67 F) 


Appendix 2 


EXAMPLE or ALGEBRAIC CALCULATION OF EXPLOSION PRESSURES 


As an example of the method of calculating explosion pres- 
sures and temperatures as described in the section, “Theoretical 
Considerations,” consider the problem with the particular initial 
conditions Py) = 1 atm, 7) = 68 F (20 C), and X = 0.0300. 

Substitution of this value of X in Equations [1] to [4], inclu- 
sive, yields 


a+btit+qt+2r+s 
2+22d+4+7+k 4+ 3t 
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Daeb t ele ce Pig oh + 4 Panton = 0.4070......(21] 
DREL PHL Ble MDOP coor, [22] 


7 Reference (4), p. 12. 
8 Reference (6), p. 586; and (7), p. 75. 
9 Reference (3), pp. 378-385. 
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TABLE 2 COMMON LOGARITHMS OF THE EQUILIBRIUM CONSTANTS AT VARIOUS TEMPERATURES 
(Pressure units: atmospheres) 


Temp 

OK log K; log Ky log k3 log K, log Kx log Kg 
300 -hh.72 -39.77 -15.0h -6.42 oo -43.3 
400 -32.43 -29.26 -11.13 -3.94 gc -31.7 
600 -20.07 -18.64 -7.194h -1.44 oars -20.0 


800 -13.89 -13.28 -5.231 -0.18 ite 
1000 -10.20 -10.05 -4.052 +0.57 +3.26 -10.53 
1200 -7.755 -1.90 -3.267 +1.08 +3.72 -8.17 
4,00 -5-999 -6.34 -2.706 +1.43 +4.08 6.47 
1600 -4.715 -5.20 2.285 +1.69 +4.36 -5.20 
1800 -3.690 <-4.27 1.959 +1.89 +4.56 -4.19 
2000 -2.862 -3.52 -1.695 +2.07 +4.72 -3.40 
2200 -2.193 -2.91 -1.479 +2.18 +4.84 -2.74 
2400 -1.648 -2.41 -1.300 +2.29 +4.93 -2.19 
2600 -1.206 -2.00 -1.150 +2.39 +5.01 -1.74 
2800 -0.811 -1.63 -1.019 +2.48 +5.07 -1.34 
3000 -O.470 -1.31 0.907 +2.56 +5.12 0.999 


* Interpolated values. — ; ; 
Note: These equilibrium constants are defined in the Theory section. 


in Ref. (6), p. 587. ‘ : ; wa ; 
Some of these values are plotted in Fig. 7, for convenience in interpolation. 


log Ky 


-70.23 
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-17.13 
-13.28 
-10.51 
8.429 
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log Kg log-Ky}Q log Ky, log K}, log K13 


-28.29 -24.08 0 8.935 God 
-22.15 -19.23 o. -5.580 ate 
-15.98 -l,.41 Sad -2.047 . 
-12.89 -11.98 oe -0.180 
-1.03 -10.52 uke) +0 .985 


-9.79 -9.530 «.. 41.779 A 
8.89 -8 .817 ses +2.354 . 
8.22 8.277 coe +2.790 oe 


+3.129 5 


~6:298 = =7<29 . VeT S50) aUb95u045 109 eee ee 
-5.091 6.95 -7.221 -1.10% +3.616 -4.212 
-4,.078 -6.66 -6.980 -0.60% +3.801 -3.187 
235228 6 677 co me eee 


-2.495 6.21 -6.595 


+4.098 -1.573 


-1.858 -6.03 —6 41,0 0.47 +4.218 -U.926 


All pressures are in standard atmospheres. 
These values are derived from Ref. (2), Table 2, p. 382, except the values for log Ks, which are derived from the values of free energy for NH; given 
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Fie. 7 Locarirums or EquiLiprium Constants aT VARIOUS TEMPERATURES 
(From Table 2.) : 


The next step in the calculation is to guess a value for the ex- 
plosion temperature 7',,, which value will be checked at the con- 
clusion of the calculations. Suppose the value 7’,, = 2200 deg K 
is chosen. The values of the pertinent equilibrium constants 
Ky, Ko, ..., Kas, are found in Table 2. When these values and 
the values of 7’) and T’,, are substituted in Equations [5] to [17], 
inclusive, the following equations result 


b 
: A/@ = 2:94:10 3 ee [23] 


i 
S -4/e = AAGEC10cie ai cho) ee [24] 
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= 1003300 eee 25] 
V fe 
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df 
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— weil OR LOTS. cases eee (30] 
é 
se ws BTIOS eee ae ee [31] 
e/2 
1 — 
: A/ gat N65 92 1056 ag 210) cl [32] 
) 
Alp ODS 10 gO ane ete [33] 
d 
w= has SEQ GUS 0). Peale Soe ee (34] 
4 
B= 5S LS gl Omen Gee= 10) terre terror [35] 


It should be noted that the last four equalities hold only when 
q is greater than zero, that is, when solid carbon is present. 
Although, with this particular gasoline-air mixture, not enough 
oxygen is present for complete combustion of the fuel to CO, and 
H,O, more than sufficient oxygen is present to burn the fuel to 
CO and H,O. Therefore, it might be supposed that the carbon 
atoms in the mixture are so completely oxidized that the free 
carbon remaining is so small in amount as to be completely vapor- 
ized, or, in other words, g = 0. In working the problem, this 
assumption will be made and then checked before the calculation 
is completed. 

If g = 0, Equations [82] to [85], inclusive, must be replaced 
by the corresponding inequalities 


\/¢ > 1.652% 1077}, =O) wee [36] 
A) 2:9 Se Wee, gee OV ee ae [37] 
i < d2/550, (Geel) paeeense [38] 
#8, 10s%> acai sO) ee cee ee [39] 


These inequalities permit only upper limits to be set on the 
values of r, 7, and s. However, in many instances, these upper 
limits are sufficiently small to show that 7, 7, and s are negligible. 
For mixture ratios which give moderately large upper limits, the 
exact values of 7, 7, and s can be calculated by transforming Equa- 
tions [82], [383], [84], and [35] for equilibriums involving solid 
carbon into similar equations involving gaseous carbon, by the 
fundamental chemical principle that, in equilibriums involving a 
solid, the solid may be replaced by the corresponding vapor, at a 
pressure equal to the vapor pressure of the solid, without disturb- 
ing the equilibrium. 

If it is assumed that g = 0 and that 7, 7, and s can be neglected, 
the problem is reduced to the solution of thirteen nonlinear 
simultaneous equations, Equations [19] through [31], in thirteen 
unknowns. These simultaneous equations cannot be solved 
explicitly, so the method of successive approximation must be 
used. Perhaps the simplest way to begin is to guess a value of a 
and follow through the evaluation of the other unknowns until 
all the equations check. Suppose the value a = 0.0416 is tried. 
Since 7, g, 7, and s are assumed negligible, Equation [19], be- 
comes 


a+ b = 0.2403 
B = 0.2403, — a = 0.1987. .5..5.0.-0%. ]40] 


From Equation [23] 


e = (2.34 X 107* a/b)? 


DAO OEY cogete Mosc ath loca raisielonucmees [41] 


From Equation [24] 
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From Equation [28] 


j = 6.64 K 10-4 
Va 


= 7.25 SUE W/ di... eos eee [43] 

From Equation [29] 
jpn LDA HAG HAN ee [44] 

From Equation [27] 
f= 1.085 X10-\ N/a oe eee [45] 


If the assumption is made that g, h, and ¢ are fairly small, it fol- 
lows from Equation [22] that f = 0.757. Therefore, from Equa- 
tion [45] % 


P 9.44 10 NN) dee 


If the values of c, 7, & and t from Equations [42], [43], [44], 
and [46] are substituted in Equation [20] that equation becomes 


4.184d + 2.97 X 10-? ~/d + 2.83 X 10-4~/d3 = 0.4800 


whence 


d= 0, 1144 cocepee cisee oeee nee [47] 
It follows, from Equations [42], [43], and [44], that 

c = 0.1249 

j = 2.45 X 10-4 


k = 7.58 X 1074 


Equation [25] can be rewritten 


g = 0.0322 \/fe 
=1,08 X/ 10-8 fir. 7s, Soe [48] 
If Equation [25] is divided by Equation [26], the result is 
h 
== 5.98 X 10-4 
ev f 
h = 5.98 X 10-4e-VW/f 


1:44 310-1  e [49] 


The value of d from Equation [47] can be substituted in Equa- 
tion [45] to give i 


ll 


tel 1058 4/2 ee [50] 


An equation for f results when the values for g, h, and t from. 
Equations [48], [49], and [50] are substituted in Equation [22] 


Of + 2.05 X 10-5 0/f = 1.5150 
f = 0.7575 
whence 
= 142 X 10-5 
- 1.25 X 10-” 
= 3.66 X 10-° 


a) 
ll 


From Equations [30] and [81], using the value of e from Equa- 
tion [41] 


= V/1.08 X 10-%e 
5.11 X 10- 


3 
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n= 307 X107¢!" 
= 366x10-" 


All of the unknowns have now been evaluated using an esti-_ 


msted value of a, and twelve of the thirteen equations. To 
check the estimated value of a, use is made of the remaining 
equation, Equation [21]. Substitution of the values of the un- 
knowns in the left side of Equation [21] yields the near equality 


0.4071 = 0.4070 


Tt remains to confirm the initial assumption that g, r, 7, and s 
are negligible. The values of 6 and e calculated previously are 
such that 


Ve = 248 X 10-*b 
Comparison of this with inequality [36] 
/e > 1.65 X 107 B, (¢ = 0) 


shows that g does equal zero. The ratio of the pressure of the 
earbon vapor actually present to the vapor pressure of earbon 
at the explosion temperature is 1.65 X 10~7/248 X 10°* = 
6.65 X 10-*. Inequalities [37], [38], and [39] can then be con- 
verted into the following equations 


a/r = (6.65 X 10-5) (2.9 X 10-7) = 1.9 X 10-* 
; 885 X 10-8 
550 
s = (6.65 X 10-5) (8.18 X 10-9) = 5.44 X 10-” 
Evaluation of r and ¢ yields 


= Paix 10s 


Pte I 
t = 158 X 10° 


Thus the assumption that g, r, i, and s can be neglected is 
verified. 

The calculations thus far have shown the equilibrium com- 
position of the gasoline-air mixture at 2200 K. It must still be 
demonstrated that the heat evolved by the reaction is just suf- 
ficient to raise the temperature of the gas mixture to the as- 
sumed value of 2200 K. 

The heat energy evolved at room temperature by the com- 
plete constant-volume combustion of 0.030 mole of gasoline vapor 
to H.O (vapor) and CO: is (1,174,400) (0.030) = 35,232 cal (see 
Appendix 1). 

The energy required to raise the temperature from 293 K 
to 2200 K and cause the dissociation which oceurs at the latter 
temperature is calculated by using the coefficients a, b, .. ., t 
already calculated, and the internal energy per mole of the 
various gases at 2200 K above the energy of O2, Na, HO, and CO: 
at 293 K, values of which are given in Table 2. 

The calculation may be conveniently presented as in Table 4. 

The last two columns of Table 4 show the rate of change of 
energy with temperature and will be used to estimate how much 
the actual explosion temperature differs from 2200 K. The 


TABLE 4 
No. AE AE d( AE per mole) d( AE per react.) 
Gas moles per mole? perreact. dT aT 
a CO: 0.0416 21089 878 12.2 0.51 
“b CO 0.1987 73880 15670 * 6.8 1.35 
ce H:0 0.1249 15950 1991 10.5 1.31 
d Hz 0.1144 68041 7783 6.4 0.73 
Ft N:2 0.7575 11402 8630 6.71 5.14 
j OH 0.00025 45461 11 aes ere 
kH 0.00076 85998 65 
A 0.0090 5680 51 
Total 1.2471 35079 9.04 


@ Refer to Table 3. 


difference between the energy evolved and the energy at 2200 K 
is 35,232 — 35,079 = 153 cal. The actual temperature is, there- 
fore, approximately 153/9.04 = 16.9 deg above 2200 K. This 
is not different enough from 2200 K to change the equilibrium 
constants significantly, so the value Tm = 2217 K (1944 C) may 
be taken as accurate. The explosion pressure Pm can be calcu- 
lated from Equation [18] 


P., = PNT J? 
(1.000) (1.2471) (2217) /293.2 


= 9.42 atm = 138.5 psia 


It should be noted that if the energy-balance calculation shows 
that the temperature is considerably different from the esti- 
mated temperature which was used to calculate the unknown co- 
efficients, the entire calculations must be repeated using the 
equilibrium constants at the newly estimated temperature. 
However, if the difference between the two temperatures is not 
too great, the recalculation may be greatly simplified by neglect- 
ing the coefficients which the previous calculation has shown are 
negligible. In fact, for all mixture ratios, more than one half of 
the seventeen coefficients can be neglected; however, the coef- 
ficients which may be neglected are different for different mixture 
ratios. In the calculations presented, the precise value of every 
coefficient has been given so that there will be no question as to 


’ which coefficients are negligible. 
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(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 
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Heat Transfer in Annuli 


By C. Y. CHEN,! G. A. HAWKINS,? anv H. L. SOLBERG? 


A survey of the literature reveals that few data are 
available relative to heat transfer in annular spaces for 
the case of laminar flow. This paper presents data ac- 
quired in an experimental study‘ of the heat-transfer 
coefficients at the inner wall of four different annuli for 
the case of laminar flow of water. Both heating and cool- 
ing tests were conducted. The experiments were per- 
formed over a range of Reynolds numbers from 200 to 
2000. The accompanying dimensionless equation was 
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found to correlate both the heating and the cooling data 
for all four annuli with an average deviation of +6.6 per 
cent and a maximum deviation of +14.1 per cent. This 
equation may be used for computing the heat-transfer co- 
efficient on the inner wall of an annulus for laminar flow 
of water for Reynolds numbers in the range of 200 to 2000. 
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NOMENCLATURE 


The following nomenclature is used in the paper: 


a = constant 
A = area, sq ft 
b = constant 
c, = heat capacity at constant pressure, Btu/(IDmass) (deg F) 
d = constant 
D, = outer diameter of annulus, ft 
D; = inner diameter of annulus, ft 
D = equivalent diameter of annulus, ft 
D, = characteristic dimension of annulus, ft 
e = constant 
f = constant 
g = gravitational acceleration, ft/hr? 
h = surface coefficient of heat transfer, Btu/(hr) (sq ft) (deg F) 
k = thermal conductivity, Btu/(hr) (ft) (deg F) 
L = characteristic linear dimension, ft 
L = heating or cooling length of an annular section, ft 
m = constant 
m = hydraulic radius, ft 
q, = heat transferred by radiation, Btu/hr 
t = temperature, deg F 
T = absolute temperature, deg R 
V = velocity, fph 
a = constant 
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€ = emissivity of surface for radiation 
8 = coefficient of cubical expansion, (deg F)~1 
p = density, (Ibmass)/cu ft 
uw = dynamic (absolute) viscosity, (lbmass) /(hr) (ft) 
H, = dynamic (absolute) viscosity at the surface temperature, 
(1bmass) / (hr) (ft) 
qa = dynamic (absolute) viscosity evaluated at bulk-fluid 
temperature, (lbmass) /(hr) (ft) 
A = difference 


INTRODUCTION 


The double-pipe heat exchanger is frequently used in engineer- 
ing work to transmit heat from one fluid to another. The 
design of this type of heat exchanger requires a knowledge ofthe 
heat-transfer coefficient in the annular space. Designing engi- 
neers have long felt the need for a single heat-transfer correlation 
which could be used for determining the coefficient for the case 
of an annular space for either a heating or a cooling process. In 
an annular space, heat transfer may take place either at the inner 
surface of the annulus or at the outer surface or both. 

A survey of the literature reveals that in the last decade a num- 
ber of successful investigations have been made on the heat trans- 
fer in annular spaces for the case of turbulent flow. However, 
very little has been done for the case of laminar flow in annular 
spaces. Jakob and Rees (1)® presented a mathematical theory 
of heat transfer between the walls of an annulus and a fluid 
passing through it in laminar flow for the cases of uniform heating 
or cooling from outside, inside, or from both sides at the same 
time. 

In a recent paper, Davis (2) suggested a tentative dimensionless 
equation for determining heat-transfer coefficients in annuli for 
the case of laminar flow. Since there were no experimental data 
available, the constants of the equation were left as unknowns. 


The criterion of flow is the Reynolds number In case of 


“ 
flow in an annular space, usually an equivalent diameter is used 
for D. There are two methods of calculating the equivalent 
diameter of anannulus. In the first of these methods, a value of 4 
times the hydraulic radius m is used for the equivalent diameter. 
The hydraulic radius may be expressed as follows 


Uy 
2 (08 — 10 
Fe 2”) Dip: 


4 


(DD 


The equivalent diameter in this case is therefore (D,; — Dz). 

In the second method, the heated perimeter is used. Where 
heat transfer takes place at the inner wall the equivalent diameter 
is 
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This was the first suggested by Jordan (3) and later by Nusselt 
(4). 


5 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Although both of these equivalent diameters have been used 
for correlating data dealing with heat transfer in annular spaces, 
the one based on 4 times the hydraulic radius was used in this 
investigation to compute the Reynolds number. 

For flow in a round pipe, it has been established that the lower 
critical Reynolds number occurs at about 2300. The lower criti- 
cal Reynolds number for flow in an annular space has not 
been completely ascertained. Using an annular cylinder having 
a ratio of radii of 0.818 to 1, Page (5) found a value of 2400 as 
the lower critical Reynolds number. Researchers (6, 7) on fluid 
friction in annular spaces have shown that there is no abrupt 
change in friction factor for Reynolds number below 2000. It is 
therefore believed that the lower critical Reynolds number for 
flow in annular spaces must be about 2000. 

In the present experiments, the range of Reynolds number in- 
vestigated was from 200 to 2000. A few cases of abrupt increase 
in the heat-transfer coefficient occurred near a Reynolds number 
of 2000. This was taken as an indication that the critical Reyn- 
olds number had been reached and these data were discarded. 
None of the tests were conducted at a Reynolds number less than 
200, owing to the difficulty of regulating the flow with the availa- 
ble equipment. 


THEORETICAL CONSIDERATIONS 


The problem of forced convection has long defied mathematical 
solution. Only for the simplest cases and corresponding simpli- 
fied assumptions has the mathematical solution been successful. 
In the present cases, because of geometrical complications, 
variable temperature gradients, and heat exchange, dimensional 
analysis was used to correlate the test data. By using general 
dimensionless groups which have been used in other correlations, 
the following equation was selected as a first approximation 
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where D, is some characteristic dimension of the annulus. Since 
the criterion of flow is the Reynolds number based on the 
equivalent diameter D, it is logical to use this equivalent diameter 
for D, throughout the correlation. 

The factor (D,/D,)* expresses the effect of geometric proportion 
of different annuli. Inasmuch as the equivalent diameter D is a 
function of D, and Dz, it will simplify computations to use the 
factor (D,/D;)* directly rather than to use an equivalent or some 
other form. : 

For the case of laminar flow of fluids of low viscosities such as 
water, natural convection sometimes plays a prominent part. 
When dimensional analysis is applied to problems dealing with 
Lp? AtBg 
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natural convection, the Grashof number, appears. In- 


troducing the Grashof number, Colburn (8) has correlated the 
data for water, air, and petroleum oil for the case of laminar flow 
in round pipes by use of the following multiplying factor: 


(1 + 0.015G'/*) 


It has been pointed out by Martinelli and his associates (9) 
that for fluids of low viscosities the Grashof number appears in 
the general equation as a cqnstant multiplier. Thus the effect 
of free convection which is represented by the Grashof number 
does not decrease as the Reynolds number becomes larger, but 
remains a constant multiplier. 

In this work attempts were made to express the free convection 
effect as a function of the Reynolds number, the product of the 
Grashof and Prandtl numbers, and other dimensionless group- 
ings. However, for the data obtained in these experiments the 
most satisfactory correlation was found using the factor K(G/ 
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R)", where K is a constant. By use of this relation in Equation 
[1], it is possible to combine the equation constant and K and the 
various Reynolds numbers. Hence in the final equation the 
Grashof number appears as a multiplying factor. 

It is recognized that this procedure is open to question. Other 
correlations may be possible, which would make the equation 
suitable for use beyond the range of the experimental data re- 
ported. 

Since D, the equivalent diameter, is to be used in Equation [1], 
in the Reynolds number, it is desirable to use this same D as the 
characteristic dimension Z in the Grashof number. There seems 
to be no universally accepted method of evaluating viscosity in 
the Grashof number. Colburn (8, 10) used the viscosity at the 
film temperature but there is some uncertainty as to how this film 
temperature should be computed. The viscosity at the bulk fluid 
temperature », therefore was used in the computation of the 
Grashof number in this correlation. 

Hence Equation [1] becomes 
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For both the laminar and the turbulent flow in round pipes, 
Sieder and Tate (11) and Colburn (8, 10) used an exponent for 
the Prandtl number equal to 1/3. For heat transfer at the inner 
wall of the annuli with turbulent flow, Monrad and Pelton (12), 
and Davis (2) correlated the data with a dimensionless equation, in 
which the exponent of !/; was used for the Prandtl number. 
Based on these results, a value of b =!/3; was used in correlating 
the experimental data. 

The use of (,,/u,)% in the heat-transfer correlation was first 
introduced by Sieder and Tate (11). For flow inside round 
pipes they used —0.14 for f. This factor accounts for the effect 
of the increased or decreased velocity gradients at a heated or 
cooled wall and may hold even if another wall is placed opposite to 
itasinanannulus. The 0.14 power is valid in crossflow accord- 
ing to Sieder. It seems probable that the presence of another 
wall would not affect appreciably the velocity gradient at the 
heated or cooled wall. Davis (2) used this power to correlate the 
data for heat transfer at the inner wall of the annuli with -tufrbu- 
lent flow, and f = —0.14 was also used to correlate the data in 
this investigation. All of these assumptions can be justified only 
in the light of additional experimental data. 


DESCRIPTION OF APPARATUS 


Fig. 1 is a schematic diagram of the complete setup of the 
equipment. Letter A designates a large water tank equipped 
with a suitable overflow. The heating device consisted of copper 
coils connected to a steam pipe. A mechanical stirrer was used 
to maintain a uniform temperature. . 

From tank A water was pumped to the test section. A valve 
and a by-pass were inserted to control the flow. The inlet 
temperature to the annular section was measured by a ther- 
mometer inserted through a cork plug at one end of a tee. The 
temperature was measured at a point where the leading pipe made 
a turn which was located at a considerable distance from the 
entrance to the test section. The location of the thermometer 
was selected in order to eliminate unnecessary turbulence near 
the entrance. The leading pipe was suitably insulated. 

Water flowed through the annular section into the mixing 
chamber where the outlet temperature was measured by means of 
thermometers. From the mixing chamber, the water flowed 
either to the weighing tank or to the drain. Water flowing in the 
inner pipe followed a somewhat similar path, as shown in Fig. 1. 

The test section consisted of two brass pipes, one inside the 
other. Fig. 2 shows a part of the test section. The inner pipe 
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Fig. 1 Scuematic DriacRAM or COMPLETE SETUP 


was 7ftinlength. It was connected to the inlet pipe by a bronze 
sleeve, threaded on one end and soldered to the inner pipe at the 
other end. The outer pipe was 661/2 in. long. Both of its ends 
were slipped into the .ends of two cast-iron pieces and the joints 
soldered. These two cast-iron pieces served as the entrance and 
exit pieces and were designed to have the flow area in the section 
leading to the-inlet and outlet of the annular section approxi- 
mately equal to the cross-sectional area of the annular space, thus 
eliminating rapid changes in the flow areas. Wooden plugs 
screwed into these cast-iron pieces were designed to permit 
smooth entrance to and from the annulus, and to serve as heat in- 
sulation. Steel packing glands were used to prevent leakage. 

A total of 671/2 in. effective internal heating or cooling length 
was used in all tests. No calming section was used owing to 
construction difficulties. Water was led into and out of the test 
section in a horizontal direction. 

The following brass pipes were used: 


Pipe Outside diameter, in. Inside diameter, in. 
A 21/4 2 
B 11/2 13/3 
Cc 1 1/y 
D 3/4 1/2 


Four combinations were tested. These were A-C, A-D, B-C, 
and B-D. The inner pipe was centered inside the outer pipe by 
the wooden plugs and steel packing glands, and was strong enough 
to prevent sagging. 

The temperatures of the outside surface of the inner pipe were 


measured along the pipe by calibrated 28-gage copper-constantan 
thermocouples. Seven sets of couples located 11+/, in. apart 
were spaced over the effective length. Each set of couples con- 
sisted of 4 pairs of couples placed around the section at 90-deg 
intervals so as to give an average temperature of the section. 
The first and last sets were placed near the ends of the wooden 
plugs. 

The thermocouples were attached to the pipe wall by a modified 
method suggested by Colburn and Hougen (13). Longitudinal 
slots 3 in. long, 4/16 in. wide, and 1/15 in. deep were cut on the out- 
side surface of the inner pipe. The cotton-covered insulation on 
the wires was first impregnated with a water-resistant varnish. 
After welding the junction, the insulated wires were twisted to- 
gether and pressed into the slot. A drop of solder was placed 
over the welded ends of wires to form a rigid connection between 
the thermocouple and the pipe. The soldered joint was then 

* polished with fine emery cloth in order to get a surface flush with 
the pipe surface. Waterproof varnish was applied to the wires 
in the slots in order to make the surface of the slot flush with the 
pipe surface. i 

The thermocouples were led out vertically from the inner pipe 
surface through 1/s-in. holes drilled in the outer pipe and through 
a small packing gland to the outside. These small packing 
glands were screwed into seats which were soldered to the outside 
surface of the outer pipe. All the thermocouple wires were led 
downstream except the last group which was brought upstream 
because of space limitations. In this case a fine copper wire was 
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wound around the ends to prevent them from becoming loose. 
This prevented the couples from being moved out of the slot by 
the flowing fluid. After the tests the couples were all inspected 
and were found to be practically in the same condition as they 
were when first placed in the slots. 

The outer pipe was cut into three sections to simplify the opera- 
tion of installing the thermocouple wires. After all the couples 
were installed and checked, the outer pipe sections were joined 
by two sleeves and soldered. The surfaces at the sections were 
faced smoothly so that when the sections were joined together in 
the sleeve, they would closely match each other and thus prevent 
turbulence. 

The short lengths of thermocouple wire leading from the inner 
pipe surface through the holes in the outer pipe surface and 
through the glands, were impregnated with waterproof varnish. 
Since 28-gage thermocouple wires were used, it is believed that 
the wires caused very little disturbance to the flow. The ac- 
curacy obtained from averaging the temperatures around the 
section should more than offset the small additional turbulence 
caused by the thermocouples. 

Five sets of thermocouples were soldered on the outside surface 
of the outer pipe. Each set consisted of two pairs of couples, one 
at the top and the other at the bottom. These gave the outer- 
wall temperature gradient along the pipe. 

Piezometer holes !/3 in. diam were drilled at two sections on the 
outer pipe 54 in. apart, spaced equally from the two ends. At 
each section the four openings were connected to a brass piezome- 
ter ring. The pressure readings from a Wahlen gage and an 
inclined draft gage served as a check as to whether laminar flow 
existed in the annular space. 

The mixing chambers, Fig. 3, were made of 4-in. standard 
galvanized pipe and were fitted with half-moon baffles on the 
inside to promote mixing. In order to obtain the outlet tempera- 
ture, two thermometers were inserted through the rubber stoppers 
at the top of the mixing chamber with their bulbs widely spaced 


at two different heights in the chamber. The exact check of the 
two thermometer readings indicated the efficiency of the mixing 
chamber. A short glass tube inserted through one of the rubber 
stoppers and connected to a glass stopcock served as a vent for 
the air to escape from the chamber when the fluid started to flow. 
The results of temperature measurements made on the mixing 
chamber during preliminary calibration tests did not show any 
evidence of stratification. 

The outside surface of the outer pipe and the mixing chambers 
were heavily insulated. 

The test section was mounted horizontally with a slight inclina- 
tion to enable air to escape from the vent at the exit end. 

From the mixing chamber, water was led to the weighing tank 
and the drain through separate pipe lines and valves. As shown 
in Fig. 1, two tees were placed in the flow paths before the valves. 
The tees were open to the atmosphere at one end to stabilize the 
flow. ‘ 

After the tests had been completed on each combination of 
pipes, the inner pipe was taken out and examined. The outer 
wall of the inner pipe was found to be slightly fouled. When 
the inner pipe was used again, in a different combination, its 
outer surface was carefully polished. 


Test PROCEDURE 


All thermometers were calibrated. The thermocouples were 
checked against each other by running water at the same tem- 
perature through both the inner pipe and the annular section. 
Only parallel flow was employed and both heating and cooling 
runs were made. Water was used in both the annulus and the 
inner pipe. 

To start a test, the sources of water were turned on and the 
mechanical stirrer set into operation. Cooling tests were con- 
ducted first. Valves nos. 1 and 2, Fig. 1, were adjusted to give 
the flow corresponding to the Reynolds number. Valves nos. 3 
and 4 on the inner pipe side were adjusted to give a flow such that 
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the drop in temperature of the fluid in the annular section would 
be as small as practical but large enough to give a suitable tem- 
perature between water flowing out from the annulus and water 
flowing out from the inner pipe. Valves nos. 5 and 7 were kept 
open while valves nos. 6 and 9 were closed. Water flowed into 
the two weighing tanks during the test except for a brief instant 
when the initial tank readings were taken. 

The various temperature and pressure readings were taken at 
regular intervals. After these readings had remained ¢gonstant 
for about 1 hr, thermal equilibrium was reached and a set of 
readings was taken, which included the inlet and outlet tempera- 
tures of water in both the annulus and the inner pipe, the pipe- 
wall temperatures, and the weight rate of flow in both the annulus 
and the inner pipe. 

Check tests were conducted on different days to ascertain 


whether or not the surfaces were becoming contaminated by dirt 
or other substances. In every case these test results agreed. 


EXPERIMENTAL RESULTS AND CONCLUSIONS 


The original experimental data together with computations are 
presented in Tables 1, 2, 3, and 4. In computing the data the 
average fluid temperature in the annulus was taken as the arith- 
metic average of the inlet and outlet temperatures. The heat 
transferred was based on readings on the inner pipe. The heat- 
transfer coefficient was based on the arithmetic-mean tempera- 
ture difference. The inner pipe-wall temperature was the 
average of the 28 thermocouple readings. Values of u, cp, and k 
were based on those given by Dorsey (14). The coefficients of 
cubical expansion of water at different temperatures were based 
on Kopp’s data on the relative volumes of water at different 


TABLE 1 
D) = 2 in. Dp = 1 dn. Qh D«=1 in. 
‘oe Iolo 2 
Heating or cooling length, & = 67 1/2 in. sap Cte 
Cooling Tests: Water in the Amnulus Being Cooled 
Kun Aver. aver. Temp. Water Water Heat Heat 
No. Water Inner Diff. Rate Rate Rane: Transfer Ru Pr og Re 
Water Temp. Temp. PL t in An in In- ferred Coeffi- ,bD 8 ‘a 
Op In An- Well F milus_,ner (Based on cient , te) pea ee & “ae QE 
Annulue Inner Pipe mulus, Temp. lv hr-“Pipe .) readings nh is “Ae 
Out In Out In F F lo hr~+on Inner mor} rt-2P 
Pipe 
B hr-l 
1 106.5 126.1 98.5 62.7 116.2 103.9 12.3 67.5 28.5 1013 56.0 12.60 3.79 1,425,000 0.885 245 
2 112.2 126.0 108.9 61.7 119.1 106.35 12.8 95.7 26.7 1260 66.6 14.97 3.68 1,624,000 0.870 358 
3 108.9 120.7 93.0 61.9 114.8 98.9 15.9 170.5 61.5 1906 61.5 18.4 3.85 1,770,000 0.850 610 
4 106.8 121.0 85.9 60.5 113.9 94-1 19.8 202 113.6 2660 91.2 20.6 3.88 2,150,000 0.811 719 
ts) 114.5 121.8 102.1 64.0 118.1 105.9 12.2 238 42.5 1620 90.1 20.3 3.72 1,595,000 0.887 881 
6 121.8 121.4 92.4 60.7 116.8 101.2 15.6 316 83.1 2640 115.0 25.9 3.76 1,848,000 0.852 1156 
tf 113.0 122.7 85.6 62.0 117.9 98.9 19.0 367 143.1 5380 120.9 27.2 3.72 2,510,000 0.825 1356 
8 112.8 121.3 80.6 61.0 117.1 97.5 19.6 480 202 5960 137.2 30.9 3.75 2,330,000 0.817 1760 
9 114.5 120 .2 90.9 60.9 117.3 100.7 16.6 539 102.3 3070 125.7 28.3 3.74 1,985,000 0.847 1960 
Heating Tests: Water in the Annulus Being Heated 

10 71.0 64.8 73.1 113.6 67.9 7542 7.85 115.0 16.9 683, 64.0 15.43 7.05 128,500 1.100 236 
1G 71.3 64.7 76.6 114.1 68.0 77.4 9.4 166.6 27.6 1037 74.7 18.00 7.04 167,000 1.133 348 
12 710.5 63.2 79.1 116.1 66.8 78.5 11.7 205 36.0 1403 81.5 19.65 7.19 194,200 1.168 421 
13 69.2 64.0 81.2 117.1 66.6 78.6 12.0 312 47.2 1693 95.9 25.2 7.20 196,100 1.173 638 
14 69 _6 63.1 96.1 119.0 66.4 82.9 16.5 428 124.5 2850 117.0 28.1 7.22 270,000 1.239 876 
15 10.8 63.9 101.4 115.8 67.4 86.1 18.7 483 232 3340 121.5 29.5 7.12 320,000 1.271 1000 
16 68.8 64.2 99.3 117.1 66.5 83.1 16.6 666 165.3 2940 120.5 29.1 7.21 272,000 1,198 1360 
17 67-6 62.9 100.3 114.9 65.3 85.2 19.9 885 288 4200 143.1 34.7 7.55 504,000 1.293 1780 
18 67.8 63.3 100.7 115.4 65.6 84.8 19.2 964 290 4260 150.5 36.4 7252 300,000 1,282 1945 
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TABLE 2 
ly = 1.575 in. Dp = 0.750 ine es Divenwess D = 0.625 in. 
A : / = 108.0 72 
eating of cooling length, L = 67 1/2 in. B 
Cooling Tests: Water in the Annulus being Cooled 
Run Aver. Aver. Temp. Water Water Heat Trans- Heat : Nu Pr ox Re 
No. Water Inner Diff. Rate Rate ferred Transfer /hD Co) pPortggAt 
Nater Temp. Temp. Pipe t in Ane in In- (Based on Coeffi- (k) Pasay (FA $<") Aa ee) 
F in An- Wall PF mlus ner readings cient 7% fou a 
Annulus Inner Fipe mlus, Temp. lv hr~* Pipe on Inner h 
Out In Out In F F lb hr! Pipe) Bhr-l ft -2P 
B hr} 
19 106.4 113.2 100,4 63.2 109.8 104.8 5.0 69.5 10.8 414 74.5 10.58 4.06 117,800 0.952 334 
20 107.8 118.2 102.4 61.1 113.0 103.5 9.5 81.8 19.5 805 76.4 10.80 4.05 244,000 0.907 408 
21 109.4 126.1 99.8 63.0 117.8 103.5 14.3 85.5 35.5 1305 82.8 11,63 3.72 425,000 0,866 446 
22 111.0 121.9 100-5 61.1 116.5 103.5 13.0 135.9 54.5 1359 94.9 13.56 3.77 370,000 0.880 699 
23 109.2 118.8 97.4 62.5 114.0 99.7 14.3 187.5 48.2 1690 107.0 15.10 3.88 381,000 0.865 942 
24 107.7 116.1 92.9 61.3 112.9 97.4 15.5 227 68.8 2170 126.4 17.82 3.92 399,000 0.848 1180 
25 111.0 120.9 92.5 62.7 116.0 98 .E 17.4 255 80.8 2390 124.2 17.50 3.80 491,000 0.8357 1310 
26 116.8 121.9 107.1 61.9 119.4 109.5 9.9 310 35.5 1511 137.7 19.32 3.66 307,000 0.910 1640 
27 112.8 121.6 95.2 61.5 117.2 99.0 18.2 352 86.8 2920 145.0 20.5 3.75 531 ,000 0.831 1823 
28 114.2 123.9 95.1 61.8 119,21 99.5 19.6 383 101.6 3380 156.3 21.9 3.66 604,000 0.820 2020 


Heating Tests: Water in the Amulus Being Heated 


29g 74.2 64.9 79.1 112.8 69.6 80.0 10.4 91.8 27.3 925 80.1 12.00 6.88 49,400 1,147 276 
30 1.5 64.8 75.8 110.4 68.2 7304 9.2 126.3 24.1 834 81.6 12.27 7.02 39,800 1.128 374 
31 69.7 64.8 T3.5 1108 67.35 74.9 7.6 158.8 19.5 7128 86.5 13.21 7.12 31,800 1.104 482 
32 73.9 66.2 85.9 111.3 70.1 82.1 12.0 178.8 50.3 1278 96.1 14.41 6.85 58,300 1.168 542 
33 71.7 65.9 S5.1 115.3 68.8 82.5 13.5 252 52.7 1486 99.6 14,97 6.95 61,500 1,190 751 
34 TWLo4 65.8 89.7 111.0 68.6 82.8 14.2 303 82.5 1760 112.0 16.83 6.97 64,000 1.200 902 
35 71.3 66.1 94.0 112.0 68.7 83.8 15.1 388 112.9 2030 122.0 18.33 6.97 68 , 400 1,212 1156 
36 70.4 64.5 95.4 1135.4 67.5 85.5 17.8 440 146.0 2650 133.5 20.2 7.10 75,000 1.260 1288 
37 70.0 63.5 96.1 11062 66.8 87.4 20.6 S43 246 3460 152.0 22.9 7.18 83 ,500 1.302 1575 
38 69.6 «6307 «90-9546 108.7 66.7 87.2 20.5 650 265 3730 164.5 24.8 7.20 82 ,800 1.302 1881 
TABLE 3 
Db, = 1.375 in. = 1 in. = 
; De i > = 1.3875 D 0.575 in. 
Heating or cooling length, i = 67 1/2 in. jp EIR: 
Cooling Tests: Water in the Annulus Being Cooled 
Run Aver. Aver. Temp. Water Water Heat Heat Nu Pr or As Re 
No. Water Inner Diff. Rate Rate Trans- Transfer hD ° 2 — 
Nater Temp. Temp. Pipe t andy. th ino! ferscdllt Cost mane mann ey (Dag Bat ie = eRe, 
P in An- Wall F nulus , ner (Based on itent Va’ Ao 
Annulus Inner Pipe mulus, Temp. lb hr7*+ Pipe Readings hb 
Out In Out In F FP 1b hr-1 on Inner Bhr-/rt-2p 
Pipe 
B hr-+ 
39 95.9 117.5 84.2 60.0 106.7 91.8 14.9 68.1 56.1 1360 62.0 5.30 4.20 68,500 0.848 285 
40 99.3 120.8 B5.7 59.0 110.5 92.3 18.2 86.7 69.1 1844 68.8 586 4.05 93,100 0.825 375 
41 105.3 123.7 90.8 59.7 114.5 97.6 16.9 110.0 59.3 1843 74.1 6.27 3.85 98 ,200 0.840 497 
42 98.8 115.4 76.9 58.9 107.1 90.4 16,7 158.9 137.4 2440 99.0 8.47 4.18 77,900 0.850 669 
43 99.5 115.5 73.6 58.9 107.5 87.7 19.8 2e& 289 4250 145.3 12.41 4.16 93,100 0.801 1191 
44 105.7 116.6 82.4 58.8 111.2 95.6 15.6 340 151.3 3570 156.0 13.06 3.95 80 ,000 0-845 1490 
45 110.0 121.1 84.9 59.0 115.6 99.1 16.5 362 157.5 4080 168.5 14.30 3.82 98 , 500 0.848 1650 
46 113.2 122.2 62.2 60-5 117.7 104.3 13.4 400 155.1 33°70 171.0 14.41 3.73 85,600 0.876 1863 
47 109.9 120.1 80.0 59.5 115.0 98.4 16.6 443 211 4320 176.2 14.92 3,84 98,200 0.845 2010 
Heating Tests: Water in the Annulus Being Heated 
48 61.1 75.5 112.1 66.7 1567 9.0 78.4 22.1 810 60.8 5.51 7.18 7,860 1.126 -202 - 
49 64.9 91.2 111.2 70.3 82.6 12.3 111.2 85.6 1265 69.8 6.2 6,80 13,200 1.171 302 
tea) 63.2 85.5 112.4 67.0 7824 11.4 185 56.35 1520 90.7 8.21 7.16 10,070 1.161 482 
5 63.5 96.1 112.1 67.4 80.6 13.2 235 120.6 1930 99.0 8.96 7.12 11,980 1.190 615 
$2 62.6 94.1 109.5 6601 79.7 13.6 269 132.0 2050 101.7 9.22 7.23 11,490 1.195 693 
83 62.6 93.9 110.0 65.4 77.6 12.2 339 127.3 2050 114.3 10.40 7.55 9,890 1.175 864 
54 61.7 97.4 112.5 65.3 79.6 14.3 486 223 3350 159.0 14.45, 7.36 11,500 1.210 1235 
55 61.7 96.2 112.0 64.5 77.5 13.0 705 233 3E80 192.0 17.48 7.48 11,890 1.190 1780 
5 61.2 96.1 113.4 63.4 75.8 12.4 840 208 3600 197.1 18.00 To 8,970 1.180 2080 
TABLE 4 
Dy = 2 in. Dp = 0.750 in- Dy D = 1.25 in. 
3 L 5 = 2.66 
Heating or cooling length, & = 67 1/2 in. Das ose 
Cooling Tests: Water in the Annulus Being Cooled 
Run Aver. Aver. Temp. Water Water Heat Heat Nu Pr Gr 
Ro. Water Inner Diff. Kate Rate Trans- Transfer (ab On Ha RS) oe ai. Re 
WEtaRetenpe Temp. Pipe t in Ane in In- ferred Coeffic- ‘k) (ESS ewoad FLAG) Aa a 
F in An- Wall F mulus_, nor (Based onient Ae a) 
Anmlus Inner Pipe mlus, Temp. lb bro" ripe 1 readings hy 
Out In out In F F lb hr~ on Inner Bhr-)ft-2P 
Pipe 1 
Bhp 
57 103.3 118.0 96.9 62.7 110.6 97.1 13.5 57.5 22.9 785 52.6 14.92 4.02 2,610,000 0.865 216 
538 107.6 114.6 99.5 64.0 111.1 103.5 7.6 81.2 15.0 532 63.0 17.88 4.00 1,492,000 0.925 wT 
59 107.0 115.3 9505 631 lll.l 100.4 10.7 129.0 31.1 1006 85.1 24.1 4.00 2,100,000 0.897 488 
60 107.5 117.9 91.7 61.8 112.7 97.6 15.1 140.3 46.1 1380 82.8 23.5 3.93 3,100,000 0.852 540 
6l 109.9 119.2 93.7 61.7 114.5 100.7 13.8 191.0 51.0 1630 107.0 30.2 3.85 2,980,000 0.871 747 
62 113.1 119.8 97.5 62.6 116.4 103.7 12.7 258 45.0 1570 111.8 31.4 3.78 2,910,000 0.881 1027 
63 113.3 120.2 92.9 62.5 116.7 101.4 15.3 326 69.5 2110 124.7 35.1 3.76 3,550 ,000 0.857 1303 
64 114.1 120 .2 93.3 63.0 117.2 102.1 15.1 416 77.5 2350 140.9 39.6 3.75 3.520,000 0.860 - 1668 
65 113.8 120.5 89.9 62.8 117.2 98.8 18.4 460 107.6 2920 144.1 40.6 3.75 4,270,000 0.830 1842 
Heating Tests: Water 4n the Annulus Being Heated 
66 74.9 64.1 85-6 109.6 69.5 82.4 12.9 108.0 44.1 1060 74.6 22.4 6.89 484,000 1,182 251 
67 1.7 64.1 85.9 107.5 67.9 80.5 12.6 154.7 SO.5 1192 85.9 25.8 7.05 437,000 1.178. 352 
68 69.9 63.3 80.l 108.9 66.6 78.0 11.4 182.0 39.2 1135 90.5 2743 7-20 366,000 1,162 407 
69 70.7 62.7 88.5 110.8 66.7 8l.L 14.4 216 72.5 1632 103.0 Sl.l 7.19 465,000 1.206 484 
70 68.3 62.8 83.8 110.4 65.5 78.2 12.7 294 55.0 1461 104.6 31.6 7.33 384,000 1,182 648 
7 69.35 61.2 96.2 110.7 65.2 87.2 22.0 377 211 3060 126.1 38.1 7054 658,000 1.329 829 
72 70.5 63.7 100.5 118.9 67.1 90.3 23.2 $12 186.8 3440 134.6 40.6 7.16 765,000 1.542 1150 
13 68.0 63.5 95.0 110.8 65.8 85.2 19.4 692 188.9 2980 139.1 42.1 7250 597,000 1.284 1530 
74 69.0 64.0 99.6 113.4 6645 90.9 24.4 844 Sos 4210 156.0 47.1 7.22 782,000 1.362 1882 
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temperatures as listed in Kent’s Mechanical Engineers’ Hand- 
book. 

In making the correlation, an exponent of —1/; was assumed 
for the L/D factor in Equation [2], and four sets of cooling-test 
data for the different annular combinations were selected with 
approximately equal Reynolds numbers. The function 


emo 


was plotted against (D;/D,) values for these four sets on loga- 
rithmic paper. Different straight lines were drawn to join the 
four points. The slopes of the lines were found to vary from 0.8 
to 1, the majority being in the neighborhood of 0.8. As a result, 
it was decided to use a value of 0.8. 

The function 


mayer ey" ey" 


was plotted azainst 
D'p*Bg At\/ Ha ) 
Han VDp 


on logarithmic paper for eight sets of cooling and heating tests on 
the four combinations with approximately equal Reynolds num- 
bers. A straight line was drawn to join the points and a slope of 
0.05 was found for the line. 

The function 


egy) a)" 
EINK i 5 D; 
(exeal” 
ua? | /\VDp 
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D 
? on logarithmic paper for all 74 runs. 


was plotted against 


The plotted points fell within a strip on the graph, showing the 
definite existence of a correlation; however, the spread of the data 
was rather large. . 

Finally the exponent of (D/L) was changed to —0.4 and the 
function 


) eae teh i D, Al D%p28q At ne =a 
k k bey Dz ba? VDp 
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A satisfactory correlation resulted. 


was plotted against 
oD 
Combining the Reynolds number, the function 


2) cate" (=) 7" aye Piobeaty es 
k k ian L D, fife 


was plotted against the Reynolds number as shown in Fig. 4. 

A close examination shows that the slope of a line drawn 
through the cooling data is slightly steeper than a similar line for 
the heating data. The difference between the two is so small that 
it can be neglected. 

The equation of the single line in Fig. 4 was found to be 


hD eh (“)"" (? —0.4 my Peeboaty es 
k k Mw L D, Har 


7D 0.45 
= 1.02 se 


free 


Solving for the Nusselt number gives 
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Fic. 4 RecomMENpDED CorRELATION oF Data ror HBATING AND Coo.ine TESTS 
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Discussion AND CONCLUSION 


The following equation 
hD rPe\ Colt Hi p sh aa (7: 
== = 1.02 —— 2 
k ( Ma ( k a 6 D, 


D3p2 At \9-95 
(Peet) ne [3] 


Hae 


was found to correlate the test data with an average deviation of 
+6.6 per cent and a maximum deviation of +14.1 per cent. In 
view of the variables encountered in such a problem and the diffi- 
culty of making precise temperature measurements, it is consid- 
ered satisfactory and is recommended for computing the heat- 
transfer coefficient at the inner wall of an annulus for laminar 
flow. Since the tests were conducted over a range of Reynolds 
number from 200 to 2000, the relation is only valid for this range 
of Reynolds number. However, as the effects on heat transfer in 
the laminar region should be the same for all Reynolds numbers 
below the lower critical value, as is the case for flow in round 
pipes, it can be reasonably expected that the equation may also 
hold for Reynolds numbers smaller than 200. 

It should be noted that the exponent for (P) was assumed to be 
1/3. The Prandtl number is connected solely w th the properties 
of the fluid. As water was the only fluid used, the exponent for 
(P) was not verified for all fluids. Nevertheless, it is safe to pre- 
sume that this exponent should be somewhere around 1/3, as 
this was the exponent used successfully in the correlation of the 
heat-transfer data for both laminar and turbulent flow in round 
pipes, and for turbulent flow in annuli. 

The Grashof number (G) in Equation [8] accounts for the 
effect of natural convection. This effect should decrease with an 
increase in the flow rates or Reynolds number. This was proved 
qualitatively by the temperature-distribution data. 

The temperature at any section was found to be the highest at 
the top and the lowest at the bottom. In 1931 Drew and Ryan 
(15) studied the distribution of heat about the circumference of a 
pipe in a stream of fluid flowing across the pipe. Baker and Muel- 
ler (16) investigated the temperature variation around the pe- 
rimeter of a tube when pure and mixed vapors were condensing. 
They found that the top surface attained the highest temperature 
and the bottom the lowest. Since only four temperature read- 
ings were obtained at each section, no quantitative analysis can 
be made. 

The percentage of difference between temperatures at the top 
and bottom of any one section decreased with an increase in the 
Reynolds number. This means that the effect of natural convec- 
tion decreased for a given increase of the Reynolds number. 

The end effect constitutes a variable, the influence of which 
could not be determined quantitatively from the experimental 
results. It is felt that the end effect on the heat-transfer rate is 
very small for these experiments. The (L/D) ratio for the four 
annular combinations varies from 179.8 to 54. However, the 
test data fell into a satisfactory correlation. This should indicate 
that the end effect for different (L/D) ratios within this range 
were of the same order of magnitude at the same Reynolds num- 
ber. . 

The difference between the heat loss or gain for the water flow- 
ing in the annulus and the heat loss or gain for the water flowing 
in the inner pipe was used as a relative index of the heat balance. 
Due to the facts that the area of the external insulation surface 
was not known accurately, and that the temperature differences 
between the outer insulation surface and the air were small, no 
effort was made to compute the heat-transfer loss by convection 
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and radiation from the insulation surface. Approximate com- 
putations could be made for this loss, which when taken into ac- 
count would decrease the difference between the heat gained or 
lost by the fluid in the annular space and the heat gained or lost 
by the fluid in the inner pipe. It was felt that the difference 
between the heat gained or lost by the water in the annular space 
and that in the pipe would serve as an index of the reliability of 
the tests. The average difference for all of the tests was approxi- 
mately 5.8 per cent. The results obtained on the first test 
conducted showed a difference of 31.6 per cent. The data for 
one other test checked to within 16.9 per cent. The differences 
for seventy-two tests were less than 11 per cent, the average for 
these tests being 5.22 per cent. 

The heat-transfer coefficients for the inner pipe were computed 
in order to check the experimental values. These data correlated 
in a satisfactory manner with those already published. 
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Heat Transfer in the Locomotive Boiler 


By LAWFORD H. FRY,! NEW YORK, N. Y. 


It is shown that the total heat absorption in a locomotive 
boiler for any assumed rate of heat release and weight of 
gases of combustion can be predicted with all of the ac- 
curacy practically necessary. The over-all heat transfer is 
considered as taking place in two separate operations 
which can be represented by two formulas, a fourth-power 
equation of the usual type for the radiation in the firebox, 
and a double logarithmic equation for the convection in 
the flues. This form of equation was suggested by Fessen- 
den (1),2 and its usefulness has been extended by the co- 
efficients: developed by the present author. It may not 
represent the exact physical reactions of the process of 
heat transfer, but it has the pragmatic sanction of giving 
practically accurate results under many different condi- 
tions. Actually that is all that can be claimed for any 
other heat-transfer formula even if it uses the Reynolds 
number. Fessenden pointed out, “It should be noted that 
the apparently rational idea that the rate of heat transfer is 
directly proportional to the temperature difference is, 
after all, only an assumption that has been accepted for 
so long that it has come to be regarded as an axiomatic 
statement of fact.” 


fire-tube barrel still follows the lines laid down by George 

and Robert Stephenson when they built the Rocket in 1829. 
This survival is sometimes criticized by advocates of other forms 
of motive power who think that we should be modern at all costs. 
Actually the retention of the locomotive-type boiler is the result 
of hard common sense supported by the inherent advantages of 
the arrangement. Change in design is not necessarily good engi- 
neering. Retention of a circular form for a wheel is still good 
practice. 

Study of the details of operation of the locomotive boiler leads 
inevitably to recognition of the fact that in its modern form the 
locomotive boiler is an extremely compact and effective mecha- 
nism for the production of steam. Some efficiency of com- 
bustion is deliberately sacrificed to obtain the high rate of heat 
release necessary. It must be remembered that the boiler is 
part of a mobile power plant capable of running at 100 mph and 
able to pass through the restricted limits of a railroad loading 
gage. Evaporative capacities of over 100,000 lb of superheated 
steam per hr are obtained, and heat-release rates up to 300,000 
Btu per hr per cu ft of firebox volume may be reached at maxi- 
mum outputs. It is obvious that such rates of heat release are 
not compatible with high combustion efficiencies. The efficiency 
of heat absorption with which this paper is chiefly concerned is, 
however, generally satisfactory. 

In studying the processes by which part of the heat released in 
the firebox is transferred to the boiler heating surfaces and taken 


r | NHE locomotive boiler with its water-enclosed firebox and its 


1 Director of Research, Steam Locomotive Research Institute, Inc. 
Fellow A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Railroad and Heat Transfer Divisions of 
Tur American SocieTry or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors amd not those of 
the Society. 


up by the water and steam, the action may be considered as 
taking place in two major and individual operations. In the 
firebox, part of the heat released is taken up by direct radiation, 
while the remainder is carried into the tubes and flues by the 
gases of combustion. Of this gas-carried heat, part is transferred 
to the evaporative and to the superheating surfaces by convection 
while the remainder is lost through the smokebox as sensible and 
latent heat in the gases of combustion. 

The purpose of this paper is to present formulas which repre- 
sent the two processes of heat transfer and to show how they can 
be combined for use in estimating the amount of heat that will 
be taken up by a boiler of given dimensions under any known or 
assumed operating conditions. 

In applying the formulas the boiler design is characterized by 
the area of the firebox heating surface, and by the number, 
diameters, and lengths of the flues, tubes, and superheater pipes. 
The operating conditions are characterized by the rate of heat 
release and by the weight of gases of combustion produced per 
hour. These dimensions and conditions are necessary and sufhi- 
cient for determining the rate at which the boiler will take up 
heat to be used in producing and superheating the steam. 


Over-ALL Heat TRANSFER 


Computation of the over-all heat transfer falls into two parts. 
In the first the rate of heat release, the rate of gas production, 
and the area of the firebox surface are used to find the so-called 
“equilibrium temperature” of the firebox. This is the tempera- 
ture at which the sum of the heat radiated direct to the firebox 
surface and of the sensible heat carried by the gases at that 
temperature is just equal to the total available heat released by 
combustion. 

In the second part of the computation the gases are assumed 
to enter the flue bundle at the equilibrium temperature and to 
lose temperature at a rate given by the double logarithmic for- 
mula, Equation [2]. This equation takes into account the rate 
of gas flow, the gas-swept perimeter and the free gas area of the 
flue bundle, the temperature of the receiving surface, and the 
length of the flues. 

Details of the formulas and of their application in practice are 
given later. Attention is here directed to the results obtained 
by applying the formulas to four different locomotive boilers of 
the dimensions shown in Table 1, for which extensive boiler test 
results are available. Outlines of two of the boilers are shown 
in Fig. 1. Two boilers have Type A superheaters with 4 pipes 
in each flue, while the other two boilers have Type E superheaters 


TABLE 1 PRINCIPAL DIMENSIONS OF BOILERS 
Test series A B Cc D 


Flues, number, and OD in in... 69—51/2 198—31/2 170—31/2 40—51/2 
Tubes, number, and OD inin.. 184—21/, 50—21/4 120—21/4 236—21/4 
Length between flue sheets, ft.. 17-9 20.4 18.9 19.1 
Superheater type......-.---++ AS ED E A 
Superheater pipes OD, in.....- 11/2 13/16 13/16 11/2 
Superheater pipes, number in 

UO RANa SA bier oe a 4 2 2 4 
Evaporative surface (fireside), 

SCULG =e e corer et sy rvs 3719 3986 3908 3686 
Superheater surface (fireside), 

SP ln ion fare se 26 SGOT 2029 2640 2052 1205 
Gas-swept perimeter (p), in.... 3477 3820 3750 3068 
Free gas area (a), Sq iM....... 1522 1368 1389 1382 
Lie DAY /G Bineeiete cb cao avaon OG 2.28 2.80 2.70 2.22 
Firebox volume (net), cu ft.... 613 391 475 410 
Firebox heating surface, sq ft.. 490 373 406 311 
Grate area, sq ft..........--:- 92.0 75.8 70.0 69.3 
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SUPERHEATER~ TYPE “A-S™ 


SUPERHEATING SURFACE= 2029 SQFY] 


FIREBOX VOLUME = 613 CUBIC FT 
FIREBOX HEAT SURFACE (INCL.CIRCULATORS) = 490 SQ. FT 
GRATE AREA = 92 SQ FT 


184 BOILER TUBES— 24 0.0 
69 BOILER FLUES— 54 0.D 


Boiter “A” 


20.4 FT BETWEEN TUBE SHEETS 


EVAPORATIVE SURFACE - FIRESIDE 
TUBES AND FLUES = 37/9 SQ. FT. 


‘A 


SUPERHEATER- TYPE “E-0" 


SUPH. SURFACE = 2640 SOFT] 


FIREBOX VOLUME = 391 CUBIC FT 
FIREBOX HEAT SURFACE(INCL ARCH TUBES)= 373° 
GRATE AREA=75,.8 SQ FT 


Fig. 1 
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Boiler ‘‘A”’ 


50 BOILER TUBES — 24 00 
198 BOILER FLUES—34 00 


Boicer 


EVAPORATIVE SURFACE-FIRESIDE 
TUBES AND FLUES= 3986 SQ.FT 
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CoMPARISON OF BoILER DIMENSIONS 
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Boiler “B”’ 


Fia. 2 REPRESENTATIVE ARRANGEMENTS OF SUPERHEATER FLUES AND TUBES 


(Boiler ‘‘A,’’ equipped with Type A superheater with 4 pipes in each we Pca “B,’’ equipped with Type E superheater with 2 superheater pipes in 
each flue. 


with 2 superheater pipes in each flue. Representative arrange- 
ments of the superheater flues and the tubes are shown in Fig. 
2. Computations for heat transfer have been carried out for 
twenty-seven tests taken largely at random. The test data for 
rate of heat release and weight of gases of combustion have been 
used, and the rates of heat transfer in firebox and in flues and the 
resulting smokebox temperatures have been computed by means 
of the formulas. The results are given in Tables 2 and 3 for 
comparison with the measured values. Agreement between 
measured and computed values is generally satisfactory, as the 
greatest divergence is hardly greater than the element of un- 
certainty in the measured values. 


Hear DistriBuTion 


Table 2 includes the experimental data to which the formulas 
are applied and gives the computed and measured firebox and 


smokebox temperatures. The relation between measured and 
computed temperatures is also shown in Figs. 3 and 4. 

Table 3 is based on the same data, measured and computed, 
that are contained in Table 1, but the data are organized to show 
how the heat released in the firebox is distributed. It may be 
noted that rates of firing range from the low rate of 35 lb of dry 
coal per sq ft of grate area per hr up to the high rate of 242 lb 
per sq ft per hr. Column 4 gives the computed equilibrium 
temperature, and column 5 the corresponding rate of radiation 
per square foot of firebox heating surface. This rate of radiation 
is given in column 5 in terms of Btu per hour and in column 6 
is translated into equivalent evaporation in pounds of water per 
hour from and at 212 F per square foot of firebox surface. These 
values run up to 126 lb per sq ft per hr at the maximum firing. 
rates. At normal working rates they are about 90 to 100 lb 
per sq ft per hr. There is no direct method of checking these 
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TABLE 2 EXPERIMENTAL DATA AND COMPARISON OF COMPUTED VALUES WITH 
MEASURED VALUES FOR FIREBOX AND SMOKEBOX TEMPERATURES 


Per sq ft firebox 
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Firing Smokebox -— heating surface —~ 
rate, _—Firebox temperature, F—~ temperature, F Weight 
lb DCF —Measured—~ Computed ——W—~ Heat gases of 
Test per SFG Flue equilibrium Meas- Com- released, combustion, 
Series no per hr Center sheet temperature ured puted Btu per hr lb per hr 
1 2 3 4 5 6 7 8 9 10 
A 1441 47 2491 1530 1840 576 570 109 500 126 
1440 68 2476 1579 1950 617 605 140 000 153 
1436 102 2643 2083 2090 686 664 208 000 235 
1437 123 2630 2163 2075 713 683 219 000 254 
1439 151 2566 1858 2230 7Al 721 271 000 288 
1438 182 2734 2058 2300 768 760 312 000 324 
1444 207 2642 2058 2380 775 760 334 000 324 
1442 242 2703 2150 2490 807 780 367 000 328 
B 4F 56 1540 1915 526 515 147 000 175 
4D 62 1530 1970 562 525 161 000 188 
7F 85 1600 2120 604 557 223 000 250 
7H 97 1750 2190 607 562 237 000 251 
10C 114 1710 2260 655 595 285 000 300 
10D 115 1780 2260 628 585 274 000 282 
10E 134 1940 2320 642 590 304 000 307 
13G 139 1940 2410 660 600 314 000 290 
13M 161 2160 2400 667 607 344 000 334 
13F “182 2040 2480 693 620 394 000 374 
13K 208 ar: 2350 2500 660 634 405 000 376 
Cc 517A 58 2173 1647 1700 507 540 104 500 148 
510A 81 2123 1692 1900 549 565 150 000 185 
519A 122 2067 1762 2015 590 612 204 000 248 
527A 175 2369 1669 2320 647 660 274 000 327 
D 607A 35 1750 “ee 1715 500 505 86 500 106 
623A 107 2324 1646 2070 632 645 242 000 298 
651A 139 2466 1895 2310 676 690 312 000 323 
610A 173 He ae 2485 698 715 378 000 35) 
Nore: DCF = dry coal fired. SFG = square feet grate area. 
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TABLE 3 COMPUTED RADIATION AND EQUIVALENT EVAPORATION IN FIREBOX 
2 TOGETHER WITH PERCENTAGE DISTRIBUTION OF HEAT RELEASED 
j Equiva- er ee 
lent Heat distribution in per cent of 
Heat firebox — heat released 
Firing radiated, evapo- ——Absorbed—— ; 
rate, Computed equilibrium ration, Flues, Lost in 

lb DCF equilibrium temperature, lb per tubes, —  smokebox —~ 

Test per SFG tempera- Btu per hr sq ft ; super- Sensible Latent 
Series no. per hr ture, F per sq ft per hr Firebox heater heat heat 
si 2 3 4 5 6 ts 8 9 10 
A 1441 47 1840 44 000 45 40.0 41.0 15.5 3.5 
1440 68 1950 53 000 55 38.0 42.0 15.7 4.3 
1436 102 2090 67 000 69 32.2 45.2 18.8 3.8 
1437 123 2075 65 000 67 30.0 45.5 20.0 4.5 
1439 151 2230 83 000 86 30.6 45.4 19.2 4.8 
14388 182 2300 92 000 95 29.6 45.1 20.5 4.8 
1444 207 2380 103 000 106 30.8 45.8 18.3 Dt 
1442 242 2490 120 000 123 32.6 44.1 17.8 5.5 
B 4F 56 1915 51 000 52 34.6 47.0 15.0 3.4 
4D 62 1970 55 000 57 34.2 46.6 15.5 3.7 
7F 85 2120 70 000 72 31.4 48.9 15.1 3.6 
7H 97 2190 78 000 80 32.9 48.1 15.2 3.8 
10C 114 2260 87 000 90 30.5 49.0 16.5 4.0 
10D 115 2260 87 000 90 31.7 49.0 15.3 4.0 
10E 134 2320 95 000 98 31.2 49.4 15.5 3.9 
13G 139 2410 108 000 110 34.4 46.8 14.7 4.1 
138M 161 2400 106 000 109 30.8 49.0 15.7 4.5 
13F 182 2480 119 000 123 30.2 49.8 15.7 4.3 
13K 208 2500 122 000 126 30.2 50.4 14.6 4.8 
Cc 517A 58 1700 33 000 34 31.6 47.4 16.7 4.3 
510A 81 1900 49 000 50 32.6 47.3 16.0 4.1 
519A 122 2015 59 500 61 29.2 49.2 17.2 4.4 
527A 175 2320 95 000 98 34.6 42.4 18.2 4.8 
D 607A 35 1715 35 000 36 40.7 41.0 14.2 4.1 
623A 107 2070 65 000 67 26.8 50.5 18.6 4.1 
651A 139 2310 93 000 96 29.8 49.0 17.0 4.2 
610A 173 2485 120 000 124 31.7 48.2 15.6 4.5 


Nore: DCF = dry coal fired. 


figures with evaporations actually obtained, but they are in line 
with values usually accepted. 

Columns 7, 8, 9, 10 split up heat released into percentages 
representing, respectively, in column 7 the heat radiated to the 
firebox at equilibrium temperature, in column 8 the heat taken 
up by the evaporative and superheater surface of the tube bundle 
in cooling the gases from equilibrium to smokebox temperature, 
in column 9 the heat lost in sensible heat of gases at smokebox 
temperature, and in column 10 the heat lost in latent heat of the 
vapor. Except for high values at the very low firing rates, the 
distribution of the heat shows no great variation with the rate 
of firing and is very similar for the boilers of Series B, C, and D. 
The boiler of Series A with shorter flues shows a slightly lower 
percentage of heat absorbed in the flues. 


Mean Frresox HQuiLisrium TEMPERATURE 


The ‘mean equilibrium temperature” is defined as the tem- 
perature at which the amount of heat carried by the combustion 
gases, together with the amount radiated to the firebox surface, 
is just equal to the quantity of heat released by combustion. Its 
value in any given case can be found by using Table 4 or Fig. 5, 
provided that the experimental data furnish information as to 
the rate of available heat released in the firebox as well as the 
weight of the gases of combustion. Table 4 covers temperatures 
from 1400 F to 2800 F by steps of 10 deg F and for each tem- 
perature gives the sensible heat carried by the gas as well as the 
rate in Btu per square foot per hour at which radiated heat will 
be taken up by the firebox heating surface. The sensible heat 
in Btu above 32 F carried by 1 lb of gas is derived from the values 
given by Heck (6) for the products of combustion of coal with 
20 per cent excess air. The original data show that the per- 
centage of excess air has little effect on the specific heat of the 
mixed gases of combustion and that the figures of Table 4 are 
satisfactory in practice for any gas composition encountered in 
a coal-burning locomotive. 

The values for radiated heat absorbed by the firebox heating 
surface are derived from the so-called Stefan-Boltzmann fourth- 
power equation 


Hp = 1600 (7/1000) SWACOD ons an eee 


SFG = square foot grate area. 


where 
Hz is heat absorbed by radiation, in Btu per hour per square 

foot of firebox surface 

T is absolute temperature of flame in firebox, in degrees 
Rankine 

t is absolute temperature of receiving surface, in degrees 
Rankine. The temperature of the firebox surface is taken 
to be the temperature of the water back of the firebox 
surface. : 


Table 4 is computed for a water temperature of 380 F (200 psi) 
and can be used for any pressures normally encountered in 
locomotive practice. An increase of temperature to 600 F 
(1600 psi) would reduce the tabular values by 1000 Btu per 
sq ft per hr, which is negligible except for the lowest trans- 
mitting temperatures. 

The Stefan-Boltzmann fourth-power relation is generally 
accepted as representative of radiation heat transfer and the 
factor 1600 has been found to give satisfactory results for the 
conditions encountered in locomotive fireboxes. 

Fig. 5 has been plotted to answer graphically any question as 
to the mean equilibrium temperature for any combination of 
heat available and weight of gas per square foot of heating surface 
per hour. 

In using Table 4 and Fig. 5, computations must be based 
not on total heat released, but on heat available, exclusive of 
the latent heat of the vapor. Usually the value given in the 
experimental data for heat released will be based on the upper 
calorific value of the fuel and will therefore include the heat 
involved in vaporizing the H,O produced by combustion. The 
latent heat of this vapor is not available for radiation and is not 
included in the values for gas-carried heat in Table 4. It must 
therefore be deducted from the heat released to find the ‘heat 
available.” Each pound of hydrogen burned produces 9 lb of 
vapor which will account for 8730 Btu of latent heat. Conse- 
quently, for each per cent of hydrogen in the fuel, 87.38 Btu must 
be deducted from the total heat released per pound of fuel to 
find the “net available heat’”’ to be used in computing the equi- 
librium temperature. 

For example, in test No. 1439 in Series A with 288 lb of gas pro- 
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TABLE 4 RADIATION AND HEAT-CONTENT FACTORS FOR DETERMINING FIREBOX TEMPERATURE WITH COAL FUEL AND A 
RECEIVING SURFACE TEMPERATURE OF 380 F¢ 


Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat Rad. Heat 
factor cont. factor cont, factor cont. factor cont. factor cont. factor cont, factor cont. 
1400 F 1500 F 1600 F 1700 F 1800 F 1900 F 2000 F 
OF 18200 363.3 22800 392.5 28000 421.9 34000 451.6 40890 481.5 48800 511.6 57800 541.9 
10F 18700 366.2 23300 395.4 28500 424.9 34700 454.6 41600 484.5 49600 514.6 58700 545.0 
20F 19200 369.1 23800 398.3 29100 427.8 35300 457.5 42400 487.5 50500 517.7 59700 548.0 
30F 19600 372.0 24300 401.3 29700 431.1 36000 460.5 43200 490.5 51400 520.7 60700 55131 
40F 20000 374.9 24800 404.2 30300 433.7 36700 463.5 44000 493.5 52200 523.7 61700 554.1 
50F 20500 377.8 25300 407.1 30900 436.7 37300 466.5 44700 496.5 53100 526.7 62700 557.2 
60F 20900 380.8 25800 410.1 31500 439.7 38000 469.5 45500 499.5 54000 529.8 63700 560.2 
70F 21400 383.7 26300 413.1 32100 442.6 38700 472.5 46300 502.6 54900 532.8 64700 563.3 
8oF 21800 386.6 26900 416.0 32700 445.6 39400 475.5 47100 505.6 55900 535.9 65800 566.3 
90F 22300 389.5 27400 418.9 33300 448.6 40200 478.5 47900 508.6 56800 538.9 66800 569.4 
100F 22800 392.5 28000 421.9 34000 451.6 40890 481.5 48800 511.6 57800 541.9 67900 572.5 
2100 F 2200 F 2300 F 2400 F 2500 F 2600 F 2700 F 

oF 67900 572.5 79300 603.2 92000 634.1 106200 665.2 122000 696.3 139500 727.6 158700 759.1 
10F 69000 575.5 80500 606.3 93400 637.2 107700 668.3 123600 699.4 141300 730.8 160700 762.3 
20F 70100 578.6 81700 609.3 94700 640.3 109200 671.4 125400 702.6 143200 733.9 162800 765.4 
30F 71200 581.6 83000 612.4 96100 643.4 110800 674.5 127100 705.7 145100 737-1 164900 768.5 
40F 72300 584.7 84200 615.5 97500 646.5 112300 677.6 128800 708.8 147000 740.2 167000 Cir ees 
50F 73400 587.8 85500 618.6 98900 649.6 113900 680.7 130500 711.9 148900 743.3 169100 774.9 
60F 74600 590.9 86800 621.7 100400 652.7 115500 683.8 132300 715.1 150800 746.5 171200 778.0 
70F 75700 593.9 88000 624.8 101800 655.8 117100 687.0 134100 718.2 152700 §=749.7 173300 781.2 
80F 76900 597.0 89300 627.9 103300 658.9 118700 690.1 135900 721.4 154700 752.8 175500 784.3 
90F 78100 600.1 90700 631.0 104700 = 662.1 120400 693.2 137700 §=724.5 156700 755.9 177700 787.5 
100F 79300 603.2 92000 634.1 106200 665.2 122000 696.3 139500 727.6 158700 759.1 Ss artes 790.7 


2 If the temperature of the receiving surface is increased to 600 F, the tabulated figures should be reduced by 1000 Btu. 
i oGee ane “radiation factor’ represents, for each temperature, the rate at which heat measured in Btu per hour is taken up by each square foot of 
rebox surface. 
The “‘heat-content factor” gives the amount of sensible heat carried by each pound of the mixed gases of combustion. Latent heat is not included. 


Fic. 5 Equinisrrum TEMPERATURE IN RELATION TO Hear AVAILABLE AND WEIGHT OF Gas 


leased ft of firebox heating surface Btu 
UOC Epo elas ne fm A: = % Sehaaaet Plant madsated nto 2000 tase ie waite cies cy: Aestan ve 83000 
per hr, the latent heat accounts for 15,¢ u per sq ft per hr, Sensible heat in 288 Ib of gas at 612 Btu per Ib......... 175000 
leaving 258,000 Btu available. Inspection of Fig. 5, followed by 
check with Table 4, shows that at a temperature of 2230 F the Heat available...........-.-- +0502. sere settee eee 258000 
a tent droatie cote ims tae telah] ued oapaucetictindecoks <lake iste 13000 


heat released per hour per square foot of firebox surface will be 
accounted for as follows: eatin oloased mecriereme separ re ai rsnex Sates teal ears 271000 
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On this basis the mean equilibrium temperature is taken to be 
2230 F. It may be noted that the experimental data and the 
type'of computation do not justify an attempt to determine the 
equilibrium temperature to a value closer than the nearest 10 
deg F. 

In test No. 1439 just quoted, the measured firebox tempera- 
tures were 2566 F at the center and 1858 F at the flue sheet. 
On the basis of radiation proportional to the fourth power of the 
absolute temperature, the mean between 2566 F and 1858 F is 
2280 F, which is close to the computed mean equilibrium tem- 
perature of 2230 F. The measured values for the firebox tem- 
peratures are not sufficiently reliable to allow any final conclu- 
sions to be drawn, but it is of interest to note that where the 
measured values seem to be most consistent there is quite close 
agreement between the mean fourth-power absolute temperature 
and the computed equilibrium temperature. This supports the 
view that radiation at the mean equilibrium temperature, as 
given in Table 4, corresponds to the heat actually taken up by 
the firebox. It should be noted that the drop in firebox tem- 
perature between center and flue sheet is not due in any large 
degree to transfer of heat by convection. The hydraulic depth 
of the firebox is too large to provide any effective rate of heat 
transfer. The lower final temperature is due to the lower rate of 
heat. release. With a firing rate of 100 lb of dry coal per hr, the 
hourly supply of combustible may be represented by 78 Ib of 
carbon, 5 lb of hydrogen, and 248 lb of oxygen. These com- 
bustible elements are diluted by 920 lb, which is 2.8 times their 
weight, of inert nitrogen. As they pass through the firebox they 
combine until when the flue sheet is reached the combustible 
elements may be reduced to 16 lb of carbon and 63 lb of oxygen, 
diluted by 14 times their weight of inert gas consisting of nitrogen 
and the products of combustion. It is obvious that as these 
final conditions are approached the rate of heat release will be 
much slower than that at the center of the firebox. 


Heat TRANSFER BY CONVECTION IN FLUE BUNDLE 


The heat taken up by the flues from the gases of combustion 
as they pass from firebox to smokebox is found by computing 
the drop in temperature of the gases. The double logarithmic 
formula shown as Equation [2] is used for this purpose. 

This form of equation, by which heat transfer is measured in 
temperature drop and not by the rate of transfer per square foot 
of surface per degree of temperature difference per hour, is due 
to Fessenden (1, 3, 4) who showed that it could be applied to 
represent satisfactorily a variety of experimental data. The 
author has carried the application a step further and shown 
(2, 5) that if the coefficient M were related to the rate of gas 
flow and to the hydraulic depth of the flue by Equations [3], 
[4a], and [4b], given later in this paper, the formula had a re- 
markably wide range of usefulness. It has been shown to be 
applicable to flues ranging in diameter from 1/2 in. to 4 in. 
and of circular and of annular cross section, with gas tempera- 
tures ranging from room temperature up to 2500 F, and with 
heat transmission either from a hot gas to a cooler liquid sur- 
rounding the flue or to a cooler gas from a hot liquid. As 
the formula covers a broad territory with an accuracy sufficient 
for all practical purposes, it has useful possibilities even if its 
pedigree is not entirely unimpeachable from the standpoint of 
theoretical physics. 

Fessenden pointed out that the real justification of the formula 
rests not so much upon the rationality of its development, as 
upon the manner in which it satisfies the experimental data 
gathered from many different sources. The fundamental as- 
sumption leading to Equation [2] might be stated in a number of 
ways, but the simplest is that the loss of heat from an element of 
gas passing along a tube takes place in accordance with the 
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exponential formula for a damped process. This leads to the 


equation 


where 

dQ is heat lost by element of gas traversing flue length z. 
Hedrick and Fessenden (1) show that this can be developed into 
the form 


lolog (T2/t) = lolog (71/t) — M,........... [2] 
where 


lolog means ‘‘the logarithm of the logarithm of”’ 
T, is absolute equilibrium temperature in degrees Rankine 
T2is absolute smokebox temperature’in degrees Rankine 
tis absolute mean effective temperature of receiving surface 
in degrees Rankine 
a is length of flues in feet 
M is coefficient depending only on mean hydraulic depth of 
tube bundle and on rate of gas flow per inch of perimeter 
of receiving surface 


Using data from many sources, the author has found that the 
coefficient M is linked with the rate of gas flow and with the 
flue dimensions by the equation 


log M = B—mlog W/p..... A oC (3] 
where 


W is total weight of gases of combustion in pounds per hour 
p is total perimeter of receiving surface, including flues, tubes 
and superheater pipes, in inches 


The auxiliary coefficients B and m depend only upon the ratio 
of (p), the gas-swept perimeter of the flue through which the gas 
flows to (a), the free area of this flue. The ratio of perimeter 
to area is of course the reciprocal of the hydraulic depth. It has 
been used as a parameter instead of the hydraulic depth because 
it varies in the same direction as the heat-absorbing value of a 
flue. A high value of the p/a ratio corresponds to a flue with a 
high capacity for heat absorption. 

With values of p in inches and of a in square inches, values of 
the coefficients B and m, corresponding to the various values 


‘of the ratio p/a, are given in Table 5. These values are derived 


from the equations 
log (B — 1.3) = 9.884 — 0.54 log (p/a)....... [4a] 
log’m:='9:583:— 0:3 Talos: (p/G) pee osreieeee [4b] 


Equation [2] involves ¢ the absolute temperature of the re- 
ceiving surface of the flue. Experience shows that for work with 
locomotive boilers a satisfactory mean value can be obtained by 
adding to the mean value of the steam or water surface of the 
flue a differential which varies with the heat offered per linear 
inch of the gas-swept perimeter of the flue, as shown in Fig. 6. 

In the case of the evaporative surface of the flues, the water 
temperature is that of the saturated steam. In the superheater 
the steam temperature varies from saturated to the final super- 
heat, and for the whole superheater surface an arithmetic mean 
may be taken. When evaporative and superheater surfaces are 
taken together a weighted mean is taken, allowing for the surface 
and temperature of both surfaces. In the present work both 
surfaces have been taken together and only the final smokebox 
temperature has been computed. The earlier paper referred to 
shows that the equations can be applied to the evaporative and 
superheating surfaces separately and a step-by-step computation 
used to find the progressive temperature drop along the flue, and 
to determine separately the respective amounts of heat taken up- 
by the evaporative and by the superheating surface. 
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TABLE 5 Se eee ey Tita HEAT TRANSFER 


FLUES 

(p/a = perimeter/area; B and m are coefficients) 
p/a B m p/a B m p/a B m 
0.50 8.867 0.494 2.00 9.053 0.296 6.20 9.350 0.194 
0.51 8.868 0.491 2.10 9.062 0.291 6.40 9.362 0.192 
0.52 8.870 0.487 2.20 9.071 0.286 6.60 9.373 0.190 
0.53 8.872 0.483 2.30 9.080 0.281 6.80 9.384 0.188 
0.54 8.874 0.480 2.40 9.089 0.277 7.00 9.394 0.186 
0.55 8.876 0.477 2.50 9.098 0.273 7.20 9.404 0.184 
0.56 8.878 0.474 2.60 9.108 0.269 7.40 9.414 0.183 
0.57 8.880 0.471 2.70 9.116 0.265 7.60 9.423 0.181 
0.58 8.881 0.467 2.80 9.124 0.261 7.80 9.433 0.179 
0.59 8.883 0.464 2.90 9.132 0.258 8.00 9.444 0.177 
0.60 8.884 0.461 3.00. 9.140 0.255 8.20 9.455 0.176 
0.65 8.892 0.449 3.20 9.154 0.249 8.40 9.465 0.174 
0.70 8.900 0.437 3.40 9.170 0.242 8.60 9.474 0.172 
0.75 8.908 0.426 3.60 9.185 0.237 8.80 9.484 0.170 
0.80 8.915 0.416 3.70 9.199 0.233 9.00 9.494 0.169 
0.85 8.922 0.406 4.00 9.213 0.229 9.20 9.504 0.168 
0.90 8.929 0.390 4.20 9.227 0.225 9.40 9.513 0.166 
1.00 8.942 0.383 4.40 9.241 0.221 9.60 9.522 0.165 
1.10 8.955 0.370 4.60 9.254 0.217 9.80 9.532 0.164 
1.20 8.968 0.358 4.80 9.266 0.214 10.00 9.542 0.163 
1.30 8.980 0.347 5.00 9.278 0.211 10.20 9.550 0.162 
1.40 8.991 0.337 5.20 9.290 0.208 10.40 9.557 0.161 
1.50 9.002 0.329 5.40 9.303 0.205 10.50 9.553 0.160 
1.60 9.013 0.322 5.60 9.315 0.203 
1.70) 9.0238. 0.315 5.80 9.329 0.200 
1.80 9.034 0.308 6.00 9.338 0.197 
1.90 9.044 0.302 


The smokebox temperatures reported in Table 2 have been 
obtained by taking the combined perimeter and area and the mean 
temperature for evaporative and superheating surface, and by 
assuming that the gases entered the flues at the equilibrium 
temperature. Agreement between the computed and the meas- 
ured values meets practical requirements. 

The widest deviation is found in test No. 13 F, Series B, witha 
smokebox temperature of 620 F computed and 693 F measured. 
This represents a difference of 19 Btu of sensible heat per lb of 
gas, and as the gas flow is 374 lb for a heat release of 394,000 Btu 
per hr per sq ft of firebox surface, the difference amounts to 
1.8 per cent of the heat released. This is hardly greater than the 
factor of uncertainty in the measured values. Agreement in the 
three other series of tests is considerably closer so it is felt that 
the proposed method can be used with confidence in predicting 
the over-all heat-absorbing capacity of a locomotive boiler. It 
should be noted that in the computation the gases of combustion 
are assumed to leave the firebox and to enter the flues at the 
equilibrium temperature, while in reality the gases at the flue 
sheet are probably from 100 to 200 deg F below the equilibrium 
temperature. The justification for this is that the formula as 
set up gives satisfactory results and that, in estimating the heat 
transfer, the equilibrium temperature can be computed while the 
actual flue-sheet temperature is not known. 
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Temperature Differential to be Added to 
Water or Steam Temperature to Obtain Effective 
Temperature of Gas-swept Receiving Surface 
— ny ow > wm fon) 
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Fic.6 TxmMpreraTURE DIFFERENTIAL FOR FuLL Lencru FLUES 


If a close study of the heat transfer in the flues were to be made, 
it would be desirable to adjust the differential given in Fig. 6, 
so that it would correspond to heat transfer from the exact initial 
flue-gas temperature. This would require an increase of about 
60 per cent in the values of the temperature differential given in 
Fig. 6. 
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(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 
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- The Influence of Tube Shape on Heat-Transfer 
Coefficients in Air to Air Heat Exchangers 


By F. H. GREEN! ann L. S. KING,! LOS ANGELES, CALIF. 


‘Heat-transfer coefficients are reported for air passing 
through round tubes, through partially flattened tubes, 
and through partially flattened tubes which have also been 
dimpled. It was found that flattened tubes maintained 
fully turbulent flow and, consequently, a higher heat- 
transfer coefficient at lower Reynolds number values than 
did round tubes. The addition of dimples to the flattened 
tubes maintained fully turbulent flow from the transition 
point and increased the heat-transfer coefficient substan- 
tially. The addition. of the dimples also improved the 
relation between heat transfer and pressure drop in the 
flattened tubes. A 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = tube internal cross section area, sq ft 

A; = total area of inside surface of tubes in unit, sq ft 
Ay = total area of outside surface of tubes in unit, sq ft 
Dy, = hydraulic diameter, ft 

Dy = outside diameter of tube, ft 


=D 


EB; = effectiveness on air inside tubes = ; 
ees OS 
la — ts 


Ey = effectiveness on air outside tubes = ; 
bn 


G = mass velocity, lb/(hr) (sq ft) 

h; = coefficient of heat transfer inside tubes, Btu/(hr)(sq ft) 
(deg F) 

ho = coefficient of heat transfer outside tubes, Btu/(hr) (sq ft) 
(deg F) 

i, = enthalpy of steam, Btu per Ib 

i, = enthalpy of condensate, Btu per lb 

k = thermal conductivity of fluid, Btu/(hr) (sq ft) (deg F per 


ft) 
L = length of tube or tube section, ft 
hD 

N = Nusselt number = i # 
ave 
D Gana 

R = Reynolds number = a 

Have 


co AP = air pressure drop corrected to standard conditions at 
center of unit, in. H.O 
q = rate of heat transfer, Btu per min 
T = absolute temperature, deg F + 460 
At = temperature change, deg F 
At, = log-mean temperature difference, deg F 
t, = inlet temperature of air inside tubes, deg F 
t: = outlet temperature of air inside tubes, deg F 
t; = inlet temperature of air outside tubes, deg F 
te outlet*temperature of air outside tubes, deg F 


1 Heat Transfer Engineer, AiResearch Manufacturing Company. 

Contributed by the Heat Transfer Division and presented at the 
Aviation War Conference held under the auspices of the Southern 
California Section, Los Angeles, Calif., June 11-14, 1945, of THe 
AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. ; 


Gat 
= 
ll 


over-all heat-transfer coefficient, Btu/(hr) (sq ft) (deg F) 
Wa = mass rate of air flow, lb per min 

w, = mass rate of steam flow, lb per min 

absolute viscosity, lb/(hr) (ft) 


1 
ll 


INTRODUCTION 


Aireraft-engine supercharger intercoolers are designed to re- 
duce the temperature of the air leaving the supercharger before 
it enters the carburetor. These intercoolers use cooling air ob- 
tained from the outside air and forced through the intercooler by 
the ram pressure created by the forward motion of the airplane. 
The first units manufactured by the authors’ company were con- 
structed with round aluminum tubes about, !/, in. diam with the 
supercharged air flowing through the tubes while the cooling air 
flowed across the tubes. This type is satisfactory, however, 
only for certain limited types of installations. In order to main- 
tain a sufficient temperature difference between the average cool- 
ing air and the average supercharged air, it is necessary to have 
a fairly high rate of flow of cooling air. The actual amount of 
cooling air required for a given intercooler effectiveness of course 
depends also on the over-all heat-transfer coefficient. How- 
ever, at high air flows, the pressure drop outside the tubes be- 
comes excessive in a round-tube unit. Since the drag imposed 
on the airplane by the intercooler is a function of the product of 
the pressure drop of the cooling air by the amount of cooling air 
required and since the drag which is required for operating the 
intercooler increases substantially at high altitudes, it became 
necessary to develop an improved form’ of low-drag intercooler 
for modern high-altitude high-speed airplanes. 

The first step in this development was to partially flatten the 
tubes so that their axes would be parallel to the cooling-air-flow 
direction. This permitted a greater flow of cooling air at the 
same pressure drop and reduced the cooling-air drag. Although 
the outside film coefficient was probably reduced in many cases, 
the inside coefficient, which with round tubes had been smaller 
than the outside coefficient, was raised by the decrease in the 
internal cross section of the tube. The net result was an in- 
crease in over-all heat-transfer coefficient for a given horsepower 
without reduction in surface per tube. Also, flattening the tubes 
allowed them to be placed closer together, thus forming a lighter- 
weight and more compact unit. 

In an attempt to reduce still further the cooling-air drag horse- 
power, the flattened tubes were dimpled with small creases about 
1/, in. apart running crosswise on the flattened portion of the 
tubes. At the same time, the outside dimension perpendicular to 
the flattened portion of the tube was increased to avoid increasing 
the pressure drop of the supercharged air inside the tubes too 
greatly by the introduction of the dimples. 

The net result of this dimpling was greater than anticipated. 
In one typical case the cooling-air flow was reduced 30 per cent 
at an increase in pressure drop of only 25 per cent, resulting in a . 
net saving of 12.5 per cent in horsepower required. Since the 
reduced cooling-air flow required resulted in a log-mean tempera- 
ture difference only 87 per cent as great as before, it was apparent 
that this change had made a substantial increase in heat-transfer 
coefficient, most of which was estimated to be an increase in 
the coefficient for the air flowing inside the tube, since the air flow 
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outside had been reduced. The tests to be described were per- 
formed in an attémpt to obtain information which would corre- 
late these results with the usual methods of computing heat- 
transfer coefficients. 


Apparatus Usrep In TESTS 


* The apparatus tested consisted of three tubular-type aircraft- 
engine intercoolers of approximately the same external dimen- 
sions. One unit was constructed with round tubes, one with 
partially flattened tubes, and one with partially flattened and 
dimpled tubes. The flattened and flattened dimpled tubes had 
the same flattening dimension and were placed with a no-flow 
clearance or cooling-air passage which was the same clearance 
as the diagonal clearance used in the round-tube unit. Major 
dimensions of the test units are givenin Table 1. A longitudinal 
cross section of a portion of a dimpled tube is shown in Fig. 1. 
TABLE 1 MAJOR DIMENSIONS OF TEST UNITS 


Round Flattened Dimpled 
Tube length, net, in... abe 12 12 12 


Tube outside diameter at headers, in....... 0.247 0.247 0.247 
Dimension perpendicular to flats, in........ ets 0.1215 0.1215 
Depth of dumpleran jase ce cei ene te says 0.030 
Diraple spaclmoyeWiaatrra et eane tents ntetoae ene ORS 
Minimum space outside tubes, in.......... 0.0885 0.0885 0.0885 
Hydraulic diameter inside, ft.......... wa O.0192 0.0136 0.0105 
Hydraulic diameter outside, ft............ 0.0144 0.0144 0.0144 
Number: of active tubes. cc. sh. seen eye 567 659 652 
Surface area inside tubes, sq ft............ 34.3 39.8 39.4 
Surface area outside tubes, sq ft........... 36.7 42.6 42.1 


For the first tests the units were mounted as shown in Figs. 2 
and 3, with air being blown through the tubes while steam con- 
densed around the tubes. The steam was fed at low pressure 
and slightly superheated to provide complete dryness and allow 
determination of its enthalpy from measurements of tempera- 
ture and pressure alone. A small portion of the steam was bled 
off the bell at the bottom of the unit in order to keep a steady 
flow of steam past the tubes and prevent the accumulation of 
water in the lower passages. The condensate ran to a pipe coil 
in which it was subcooled slightly and then passed to the weigh- 
ing bucket. A sight glass was used to keep a constant water 
level in the lower part of the apparatus and thus prevent loss 
of steam, The inlet steam temperature and pressure were meas- 
ured with a mercury-in-glass thermometer and a mercury ma- 
nometer. 

The air inlet temperature was measured with two thermometers 
in the inlet duct just ahead of the unit. The outlet temperature 
was measured with four thermometers in the outlet duct just 
beyond the unit. The outlet air temperature was also measured 
after the air had passed through a baffled mixing box. It was 
found that when the temperature at the outlet of the mixing box 
was corrected for the experimentally determined drop of tem- 
perature im the mixing box, this corrected temperature agreed 
very well with the average of the four outlet thermometers placed 
immediately after the unit. 

Most of the air flows were measured with a flat-plate sharp- 
edged orifice in a duct following the mixing box. The largest 
air flows were computed from the pressure drop across the unit 
under test by extrapolation of the pressure drop versus flow 
curve drawn from the runs where the flow was determined by the 
orifice. The apparatus was thoroughly insulated with glass 
wool at all parts where needed. 


LonaitTupiINaL Cross SECTION OF DimpLeD TUBE 


Fie. 2° 


Serup For STEAM-AIR TEST 


For the other series of tests the units were mounted as shown 
in Fig. 4. Hot air was used inside the tubes while room-tempera- 
ture air was passed outside the tubes. Inlet air temperatures 
were measured with one thermometer on the cooling-air side and 
with three thermometers on the hot-air side. Outlet air tem- 
peratures were measured after the air had passed through the mix- 
ing boxes, and the temperatures were corrected for the known loss 
in the boxes. The air flows were measured with orifice plates for 
the lower air flows and were determined from unit pressure drops 
for the higher air flows. Because of the relatively high resistance 
of the unit as compared with that of the duct, a uniform flow 
distribution was obtained in both the cooling air and the hot 
paths. 


EXPERIMENTAL PROCEDURE 


The first series of tests was run to determine the heat-transfer 
coefficient to air passing inside the tubes. Each of the three 
units was treated in the same manner. Air was*passed through 
the tubes at a range of velocity to give values of R ranging 
from approximately 1400 to the highest available with the fan 
used as shown in Table 2. Steam was supplied to the unit under 
approximately 2 psig pressure and with approximately 10 deg F 
superheat. The air flow and steam temperature and pressure. 
were kept constant within very close limits, and the system was 
allowed to balance thoroughly before readings were taken. 
Readings of all quantities except condensate flow rate were then 
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taken every 2 min for a period of 10 min. At the end of this 
period,the condensate was weizhed, Since the condensate level 
was kept constant in the sizht glass during the run, it was pos- 
sible to determine from the amount of adjustment necessary in 
the condensate valve whether the condensate rate was constant. 
The heat balances obtained on the higher air-flow points show 
some discrepancies due to the necessity for bleeding steam from 


the outlet header at these points in order to keep the condensate 
blown off the tubes and to obtain the highest heat transfer to the 
air inside the tubes. The extensive experience of the laboratory 
of the authors’ company in measuring air heat gains and losses 
indicates that the errors involved in these measurements did not 
exceed 3 per cent. For this reason, all computations of heat- 
transfer coefficients have been based on the air-side heat gains. 


118 
TABLE 2 RANGE OF PRINCIPAL VARIABLES 
-—Round tubes— __—sv— Flattened tubes Dimpled tubes 
Max Min Max Min Max Min 
Arr-STEAM Trst—Insipr TUBES 
wa 117.5 9.65 90.0 9.5 76.5 9.6 
R 17600 1450 + 11600 1230 9870 1239 
ty 111.4 70.3 113.3 79.5 119.2 71.0 
te 173.8 150.7 193.6 182.3 209.1 196.9 
iNtm 93.2 TAG 72.5 58.0 52.1 41.0 
y 39.1 4.61 38.1 6.09 55.1 9.62 
G 42900 3520 40000 4230 44200 5650 
@ 2245 224 1635 264 2320 302 
Arr-Arr Test—Insipr Tuses 
os 97.0 16.2 =~ 44.5 10.1 
14550 2430 5740 1305 
h 257.8 240.5 256.7 246.0 
te 239.1 155.6 205.0 118.2 
Ei 0.486 0.111 SO 0.901 0.253 
Arr-Arir Test—Ovrsipr TUBES 
ain 39.1 7.4 112.0 14.3 
4650 880 9300 1185 
ts 109.1 83.3 103.0 86.0 
ts 243.0 125.9 202.4 124.6 
Eo 0.918 0.206 0.705 0.083 
Atm 93.7 44.8 75.5 51.3 
hi 33.0 5.1 35.1 10.1 
ho 62.0 15.5 74.0 10.9 
U 23.3 4.1 21.4 5.8 


To determine heat-transfer coefficients to air outside the tubes, 
the units were operated as intercoolers with hot air inside the 
tubes and cool air outside the tubes. The air flows were varied 
throughout the range of the apparatus as shown in Table 2. 
The flows were maintained until steady conditions were ob- 
served at all points and then all instruments were read as rapidly 
as possible by three observers. This procedure was repeated 
until there were two sets of readings at each point which agreed 
within an effectiveness of 0.01 with each other. At least 30 such 
points were taken on each unit. 


MernHop oF CALCULATION 


In the steam test the enthalpy of the entering steam was de- 
termined from the readings of temperature and pressure by refer- 
ence to the steam tables (1).2 It was assumed that the tube- 
wall temperature would be the same as the condensing tempera- 
ture of the steam. This assumption probably leads to much less 
error than would have been introduced if thermocouples had been 
used to determine tube-wall temperatures in the small thin-wall 
tubes. The enthalpy of the condensate was determined from 
the condensing temperature of the steam and the steam tables. 
By experiment it was determined that the heat loss through the 
insulation of the unit in the steam tests was approximately 7 
Btu per min, therefore the net heat loss of the steam was deter- 
mined as 


qos web = ee a ee 1] 


Air inlet and outlet temperatures were computed by taking 
the arithmetic average of the respective thermometer readings. 
Air flows were determined from pressure-drop and temperature 
readings at the orifice and were computed from graphs based on 
reference (2). The air-side heat gained was therefore 


G-= O:2AA DO At sce ee, [2] 


The over-all heat-transfer coefficient U was determined from 
the inside surface area of the tubes, from the log-mean tempera- 
ture difference based on the condensing temperature of steam 
at the observed pressure and the inlet- and outlet-air tempera- 
tures and from the air-side heat gain as determined from Equa- 
tion [2]. The over-all heat-transfer coefficient was therefore 


60 g 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Since the steam-side coefficient was probably of the order of 
2000 Btu/(hr)(sq ft)(deg F) very slight error was introduced 
by assuming that the air-side coefficient was equal to the over-all 
coefficient. Also this error had the effect of giving a slightly lower 
inside coefficient which was desirable for design purposes. A 
plot of the air-side coefficient inside the tubes of the three units 
versus Reynolds number is shown in Fig. 5. A plot of the 
Nusselt number versus Reynolds number for the three units is 
shown in Fig. 6. In computing Reynolds number and Nusselt 
number the hydraulic diameters were based on the minimum 
cross section of the tube, that is, in the dimpled-tube unit the 
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Fie. 5 Comparison or ExpERIMENTAL H@AT-TRANSFER COEFFI- 
CIENTS FOR AIR INSIDE TuBES 


(Dashed lines show steam-air test results which were modified by air-air 
test results shown by triangles.) 
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internal cross section was determined under the dimple. The 
hydraulic diameter was then computed as 
4A 
Dy a Pp ee ee ee ee (4] 


ih th an 
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The mass velocity G was computed from the same minimum 
cross section and the conductivity and viscosity of the air were 
taken as 0.0155 Btu/(hr)(sq ft)(deg F/ft) and 0.047 lb/(hr) (sq 
ft), respectively, at an assumed average temperature of 140 F. 

In the intercooler test the air temperatures and air flows were 
measured in the same manner as in the steam test. The air 
heat gains and losses were also determined in a similar manner 
in order to check the heat balance. The over-all heat-transfer 
coefficient in the intercooler test was determined from the log- 
mean temperature difference corrected for crossflow (4). The 
amount of heat transfer was assumed to be the average of the 
computed heat gained and heat lost. The surface area used 
was the average of the internal and external surfaces. The ex- 
ternal heat-transfer coefficients were then determined from the 
following equation 


iL a 2 1 
odo U(A; + Ao) iA; 


These outside coefficients are plotted in Figs. 7 and 8. 


CORRELATION OF TEST RESULTS 


Fig. 6, which shows Nusselt number versus Reynolds number 
for flow inside the tubes, indicates that for the round tubes fully 
turbulent flow is not éstablished until the Reynolds number 
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reaches 8000 and that laminar flow appears to continue up to a 
Reynolds number of about 2500. In contrast, it is noted that 
turbulent flow in the flattened tubes starts at approximately 
3500 Reynolds number. The dimpled tubes appear to maintain 
fully turbulent flow from a Reynolds number of 2000. 

The graph shows good correlation between the round tubes 
and flattened tubes tested in both the fully turbulent and fully 
laminar flow regions. This curve lies only slightly below the 
average curve given by McAdams (3). The position of this curve 
seems confirmed by other experiments with very small hydraulic 
diameters (5). 

Both the dimpled-tube curve and the common curve for round 
and flattened tubes have approximately the same slope in the 
fully turbulent-flow regions, namely, 0.82. 


It will be noted that the curve for dimpled tubes lies 26 per 
cent above the curve for flattened tubes. A suggested explana- 
tion of this is as follows: 

Schack (6) states that the heat-transfer coefficient should vary 
with the length of the pipe, the exponent expressing this varia- 
tion being —0.05. A recalculation of his figures shows that this 
exponent should have been stated as —0.07. Now, a dimpled 
tube might be considered as consisting of a series of short tubes 
with a new one starting at each dimple. Since, in the unit 
tested there are 21 dimples per tube, therefore 22 short tubes are 
represented. The Nusselt number for the dimpled-tube unit 
was found to be 26 per cent higher than for nondimpled tubes, 
thus 


where n is the exponent expressing the effect of tube length. 
Solving, n equals —0.07 which checks with the recalculation 
of Schack’s result. Thus a logical justification may be estab- 
lished for use of the minimum cross-sectional area in determina- 
tion of hydraulic diameter and mass velocity in dimpled tubes. 

Fig. 5 shows the film coefficient inside the tubes for all three 
units. In drawing Fig. 6, the lines in Fig. 5 which pass through 
the points marked by triangles were used to determine the Nusselt 
number. The method of obtaining these points is explained as 
follows: 

Fig. 7 shows the heat-transfer coefficients outside of round 
tubes. In this plot Reynolds number has been based on the 
hydraulic diameter of the diagonal passes between the tubes 
instead of on the tube diameter, in order to provide a more 
direct comparison with the results of the tests on the dimpled- 
tube unit in which the Reynolds number is also based on the 
passage available. It may be noted that the points plotted for a 
value of R of 3900 inside the tubes fall consistently below the 
average of all the other test points. It was therefore assumed 
that the steam-test points at values of R of 3450 and 4300 inside 
the tubes were in error since these were based on two runs, 
whereas the intercooler result is based on ten runs. By 
assuming outside coefficients at each of the cooling-air flows as 
read from the average line in Fig. 7, the inside coefficients were 
recalculated and averaged, and this average was plotted as the 
intercooler test point at a value of R of 3900 shown in Fig. 5. 
The same procedure was used in obtaining the intercooler test 
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point for the dimpled-tube unit shown at a value of R of 1300 in 
Fig. 5. 

Tor heat-transfer coefficients outside round tubes, Fig. 7, 
extrapolation of Grimison’s (7) values gives the following esti- 
mated equation for a no-flow spacing of 2.4 Dy and a cooling-air 
spacing of 0.6 Do as used in the test unit 

296 Ie Guax!®1 
gaa AEE Se ion al ha [7] 
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The test results in Vig. 7 average 27 per cent above the values 
given by Equation [7] in the region where R is greater than 2000. 

lig. 8 shows heat-transfer coefficients versus Reynolds number 
for air outside the dimpled-tube unit. In this case the arrange- 
ment of the dimpled tubes is such that an approximately straight 
passage of rectangular cross section is provided for air outside 
the tubes. The hydraulic diameter of this passage was deter- 
mined from Wquation [4]. It will be noted that the slope of the 
line in the turbulent-flow region is approximately 0.8 as com- 
pared to a slope of approximately 0.6 with the round-tube unit. 
This would seem to indicate that with this type of construction 
heat-transfer coefficients outside the tubes should be computed 
on the same basis as for flow inside the tubes. 

There is seen to be a rather large spread of points in the higher 
values of R in Fig. 8. However, this spread does not indicate 
a very large experimental error. If heat-transfer coefficients 
outside the tubes are read from the curve in Fig. 8, and heat- 
transfer coefficients inside the tubes are read from Fig. 5, and the 
over-all coefficient U is computed for each of the test points, it is 
found that the computed U has an average variation of +5 per 
cent from the values of U obtained in the intercooler test. It is 
probable that these coefficients for air outside dimpled tubes are 
too high and it is hoped that further work can be done on this 
subject. 

lig. 9 shows heat-transfer coefficients inside the tubes plotted 
against the air pressure drop corrected to a standard density of 
0.07651 pef at the center of the unit. This air pressure drop is 


OaP 


COMPARISON OF IxpHRIMENTAL Heat-TRANSFER Conrri- 
CIENTS AND Prossurn Drop ror Air Insipe Tuses 


the over-all pressure drop as measured by static fittings located on 
the sides of the ducts 4 in. upstream and 4 in. downstream of the 
test unit, as shown in Fig. 3. 


CONCLUSIONS 


1 The transition from laminar to turbulent flow extends over 
the range R = 2000 to R = 8000 for small round tubes. If the 
tubes are flattened the transition region extends only from R = 
2000 to R = 3500 while if the flattened tubes are’ dimpled the 
transition takes place at R = 2000. 

2 Yor any given Reynolds number, flattening a round tube 
inereases the heat-transfer coefficient substantially, while dim- 
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TABLE 4 FLATTENED TUBE AIR-STEAM TEST DATA 
Run number 1 2 3 4 5 6 7 8 9 10 1l 12 13 
SrwamM 
Inlet temperature, (avg) deg I 228.3 229.2 228.1 229.1 228.4 228.7 227.7 228.0 226.9 226.9 226.4 
LOREM OMIA se cin och vii fie, cuereie SiacoORehe Sox slvtrn, eon 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.6 
Condensing temperature, deg IF Zier ke 7k6, te 2t8, 2. 2181 21s.) 218. ois D oIk. 1 918 1 218.0 18. 1 
Enthalpy, Btu per lb............. 1161 1161 1161 1161 1161 1161 1161 1161 1160 1160 1160 
Enthalpy condensate, Btu per lb. ene 186 186 186 186 186 186 186 186 186 186 186 
Enthalpy change, Btu per Ib.........0000eeeceeee ¢ 975 975 975 975 975 975 975 975 974 974 974 
Condensate flow, lb per min,.........0.:e0seeees f 0.369 0.4388 0.495 0.516 0.562 0.678 0.788 0.873 1.068 1.438 1.581 
Heat loss of steam, Btu per min................0. 278 320 360 427 482 503 548 660 768 851 1029 1400 1540 
Tnsulation loss, Btulper mimes eid wn ate oso sieved 2 7 7 7 7 7 uf if 7 i 7 7 7 
Net heat loss of steam, Btu per min.............. 271 313 353 420 475 496 541 653 761 844 1022 1393 1533 
AIR 
Outlet temperature, (avg) deg F..............005 193.6 188.2 184.2 182.3 187.6 190.7 191.7 186.8 187.6 190.3 188.0 182.5 184.1 
Inlet temperature, (avg) deg F............. 00000 Woe Slud. 8,0) (S08 9 95.6) LOL 6) 106.5. 7 192.09) 10010) 118.3 100.5 “99.7 109.7 
ROMP OLAtUhe: TISGH ASR He sihcietelesile, xicue.vise) Qsanese +. dtaghne Viet “10639 99.3 92,5 92.0 89.2 985.2 94.8 87.6 77.0 78.5 82.8 74.4 
AIDE GW ASLULD OV smMINLs sit ltahal Siete else oilals Severs in cevacety-ol ONS  PebZnOW L436" SH7ieoe2l oe, 2awhien 26,2, i28al Bbb 46.0) WESUZR “7249 (005.0 
Air heat gain, Btw per min. caso.» oie can ceases 264 313 353 422 482 503 524 650 760 845 1057 1462 1635 
Discrepancy, per cent..... » Te Ae orc 2°76 0.0 0.0 0.5 1.5 1.4 8.2 0.5 Onn 0.1 8.3 4.7 6.2 
Air pressure drop, ¢ AP, in. H20......... OF40 S20 oc eNOS) (OL00r 0 120 PULA867 5 1E67 92 2.78" 74.10 6164) Si70" 12°38 
Log-mean temperature difference, deg I’. . ‘ 65.9 70.3 72.5 72.3 66.1 61.6 59.1 68.0 64.5 58.0 61.2 68.8 64.1 
Over-all coefficient, Btu/hr(sq ft) (deg I").......... SOR GC.VOumyOsuevSyOtm al leno ere Ded Dy 7 Oto Be Oe repo. 88s 
Nusselt) number, dimensionless............-...+55 56.29 5.88 6.438 7.71 9.63 LOS edd 7, 12.6 15.6 19.2) 22575 28.199 88..6 
Reynolds number, dimensionless..,............+ 1230 1550 1880 2420 2780 2980 3380 3620 4580 5800 7130 9340 11600 
TABLE 5 DIMPLED TUBE AIR-STEAM TEST DATA 
Run number 1 2 3 4 5 6 7 8 9 10 ll 12 13 
STRAM 
Inlet temperature, (avg) deg I’......... Mractenidense 226.5 226.8 226,4 227.2 226.9 226.3 226.0 229.9 225.7 229.2 229.3 228.8 227.2 
ET ERBUL OI DRLA. lithe Paitin tarany. Went nl Clete auahatisunve: sal orn 16.6 16.6 16.6 16.6 16.6 16.6 16.6 16.8 16.6 16.7 16.7 16.7 16.6 
Condensing temperature, deg F°. 5 A D f 218.1 218.1 .°218.1 218.8 218.1 218.6°218.6 218.6 218.1 
Enthalpy, Btu per |b 1160 1160 1160 1161 1160 1161 1161 1161 1161 
Enthalpy condensate, Btu per lb...........0..005 187 186 186 186 186 186 186 187 186 187 186 187 186 
Enthalpy change, Btu per |lb............0ce0eeee 973 974 974 975 974 974 974 974 974 974 975 974 975 
Condensate flow, lb per min.,........... dcgshapokel on 0.317 0.380 0.473 0.520 0.588 0.747 0.836 1.36 0.964 1.69 1.65 2.20 2.20 
Heat loss of steam, Btu per min...............44- 309 370 460 507 572 728 813 132% 938 1645 1610 2142 2144 
Insulation loss, Btu per min..............- Dp fetuinitc 7 re 7 7 7 7 ie 7 7. cf me ff 
Net heat loss of steam, Btu per min............05 302 363 453 500 565 720 806 =13816 931 1638 1608 2185 2137 
AIR 

Outlet temperature, (avg) deg F........0.0eee ee 208.6 208.9 209.1 208.8 208.6 207.1 206.5 202.5 205.7 199.9 200.3 196.9 197.4 
Inlet temperature, (avg) deg 79.7 82.5 87.7 96.3 108.0 99.8 113.0 TAO e Leek 71.4 74.3 73.1 73.2 
Temperature rise, deg F...........20e0eeees , 128390 326,47 T204" 142.5, 100.6 107.3 93.5 131.5 86.6 128.5 126.0 123.8 124.2 
AIT owsb- perimimeres Ms sees acura iresicie bent 9.6 ih Fy 14.9 18.5 22.8 27.3 35.1 43.1 44.2 55.2 55.2 76,2 76.5 
Ajriheat gain, Btupersmin scien: fas oeceaeceee ce « 302 361 442 508 559 716 800 1382 935 1730 1697 2297 2320 
Discrepancy, per cent.............05 0.0 0.8 2.5 1.6 Tel (ORY, 0.8 4.8 0.4 5.3 5.5 TO 8.0 
Air pressure drop, o AP, in. H20 0.67 0.95 1.40 1.99 2.82 3.97 5.89 8.25 8.62 12.5 12.5 21.4 21.3 
Log-mean temperature difference, deg I’,......... 48.2 AT 0, sO eee Sone. 410! 46.1 42.4 69.6 41.7 62.2 61.0 64.7 63.9 
Over-all coefficient, Btu/hr(sqft)(deg F).......... 9-41 11,6 14.7 17.5% 20.5 28.9 28.4 85.8 383.7 .42.38 42.4 54.0 655.3 
Nusselt number, dimensionless..............+++++ 6.38 7.83 9.96 11.9 139) 162) e1ONS' 23r0 2278 Sas. “2855, (86.8. 387d 
Reynolds number, dimensionless.............++5+ 1240 1510 1920 2880 2940 38520 4530 5560 5700 7120 7120 9830 9870 
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Tesr Unit With Dimptep Tunes 


pling the flattened tube increases the heat-transfer coefficient 
to an even higher value. This statement also applies to equal 


Fra. 11 Lares Arrorarr Intwrcoonmr Wira Dimpiepv Tunns 
weight flows of air, since the Reynolds number for a tube of 
given perimeter at a given weight flow is not varied by flattening 
the tube or by dimpling it. ‘ 

3 For the same air-pressure drop, dimpled tubes have the 
same or higher heat-transfer coefficient than round tubes, while 
plain flattened tubes have a lower heat-transfer coefficient, except 
at very low air-pressure drops. 
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4 The use of dimpled tubes in intercoolers permits a reduction 
in the amount of cooling air required and therefore leads to a 
lower drag on the airplane. 
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Heat Transfer From a Cylindrical Surface to 


Air in Parallel Flow With and Without 
Unheated Starting Sections ° 


The present investigation sponsored by the Illinois 
Institute of Technology, Armour Research Foundation, 
and Institute of Gas Technology, deals with the heat 
transfer of air in parallel flow to a surface, a process of 
great practical importance which, for instance, occurs 
with all kinds of fins or on the skin of an airplane in flight. 
Previous knowledge of that process was based on a few 
sets of experiments which were performed with plane sur- 
faces and led to a considerably higher heat transfer than a 
reliable theory, due to H. Latzko. In particular, the in- 
fluence of nonheated starting sections seemed to require a 
new investigation. Compared with the use of plane plates 
by previous investigators, the use of an electrically heated 
cylindrical specimen has the following advantages: A 
’ cylinder can be easily placed in the center of an air jet and 
is free of the edge losses of a plate; for both reasons, air 
jets of moderate diameter can be used. Uniform heating 
is easier to provide, heat losses to the back are easier to 
control, and noses of different shape and cylindrical start- 
ing sections can readily be used for studying the behavior 
of the so-called boundary layer of the fluid which is de- 
veloping along the surface, first streamlined and then 
turbulent, and in which all resistance against heat trans- 
fer is concentrated. The experiments were performed with 
specimens of 1.3 in. diam and 9 to 20 in. total length, the 
ratio of the heated length to the total length being varied 
from 40 to 90 per cent. Spherical, ellipsoidal, and conical 
nosepieces were used. The air velocity was varied from 
10 to 150 fps and it is assumed that the results can be theo- 
retically extrapolated above sound velocity, using the 
principle of similarity. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A = area of heating surface, sq ft 
b = thickness of boundary layer, ft 
C, Co, C1, C2, Cs are constant factors 
Cc,» = specific heat at constant pressure of air, Blbn~} F~! 


Pp 
F = N/M = correction factor 


1 Based partly on a thesis submitted by W. M. Dow to the Gradu- 
ate School, Illinois Institute of Technology, in partial fulfillment of 
the requirement for the degree of Master of Science, for studies com- 
pleted in the Institute of Gas Technology. 

2 Research Professor of Mechanical Engineering, Illinois Institute 
of Technology; Consultant in Heat Research, Armour Research 
Foundation, Chicago, Ill. Mem. A.S.M.E. 

3 Fellow of the Institute of Gas Technology, Chicago, Ill., now 
Ensign, U.S. Navy. 

Contributed by the Heat Transfer Division and presented at a 
meeting of the Chicago Section, Chicago, Ill., June 17-19, 1945, of 
Tur AMERICAN Society or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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H = velocity head in feet of air, ft 
H,, = velocity head, in. of water 
h = coefficient of heat transfer by convection (mean 
taken over heating length, Zin,) B hr71 ft~? F~? 
h, = local coefficient of heat transfer by convection at 
distance « from leading edge, B hr~! ft~? F~} 
hrm = meanofth,,takenfromz=2,toz = x,Bhr-1ft-?F-! 
J = mechanical equivalent of heat, ft lb/B 
k = thermal conductivity of air, B hr~! ft~1 F7! 
Ls = hydrodynamic starting length, ft 
[in = thermal or heating length, ft 
Lito: = total length, ft 


M, N are integrals, defined in text, sq ft/sec 
m and n are constant exponents 


hLiot = 
Nyu = aie Nusselt number (total mean) 
(Nwu)max = Nusselt number, corresponding to gmax 
(Nwu)min = Nusselt number, corresponding to qmin 
(Nwu)o = Nusselt number for Lst/Ltot = 0 
hz 
(Nru), = am local Nusselt number 
he. me . 
Winn) 2m = ee mean Nusselt number for distance x from 
leading edge 
h(Ltot — 
Nynu!’ =F ( ce a) 
i k 
Ner = Greee. Prandtl number 
VgLitot . 
Nre = ~— = Reynolds number with Lict as character- 
v 
istic length 
(Nre)cr = critical Reynolds number 
(NrRe)z = Lele Reynolds number with 2 as characteristic 
Vv 
length 
es 0,(Liot — %) 
v 
vax! 
(Nine) 
Vv 
q = rate of heat flow, B/hr 


q’ = rate of heat transferred by convection over length 
xz — 2 and unit width, B/hr 
rate of heat transferred by convection from cylin- 


CCl 
drical surface, B/hr 
q; = rate of heat input, B/hr 
q; = sum of heat losses, B/hr 
Qmax = rate of heat transferred for certain values of Ltot 
and Lest, B/hr 
Qmin = Tate of heat transferred for the same Ltot, but Lst = 


0, B/hr 
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Y = rate of heat transferred by convection from plane 
surface, B/hr 
r = radius of cylinder, ft 
t = air temperature at distance y from surface, °F 
t, = temperature of bulk of air stream, °F 
ty = (t, + t,)/2 = film temperature, °F 
t; = t, + 4 = impressed temperature of unheated sur- 
face, °F 
t, = average surface temperature, °F 
v = air velocity at distance y from surface, ft/sec 
v, = velocity of bulk of fluid (air), ft/sec 
v, = air velocity at distance b from surface, ft/sec 
W = width of flat surface, ft 
a = distance from leading edge, general, ft 
a = distance from leading edge, defined by Fig. 1, ft 
a, = Let (see this symbol), ft 
er = distance from leading edge where critical Reynolds 
number occurs, ft 
z! = 2— 2%, ft 
y = perpendicular distance from surface, ft 
6 = t — t, = temperature excess at distance y from 
surface, F 
Qaa = temperature increment by frictionless adiabatic 
stopping of flow, F 
6; = temperature increment by adiabatic stopping of 
flow, including effect of friction, F 
6, = t, —t, = temperature difference between heating 
surface and bulk of air stream, F 
vy = kinematic viscosity of fluid (air) at bulk tempera- 
ture t,, sq ft/sec 
vy = kinematic viscosity of air at film temperature ty, 
sq ft/hr 
p = density of air, lbm/cu ft 
y(Ner) = function of Ner 


INTRODUCTION 


While the heat transfer between a cylindrical surface and a 
fluid has been abundantly studied for the flow in a tube and 
across a cylinder, no experiments seem to have been done for the 
parallel flow on the surface of a cylinder on the outside of a tube, 
and only a few sets of experiments have been performed concern- 
ing the free stream parallel to a plane heating surface. Asa con- 
sequence, the numerous correlations of heat transfer for flow 
inside of tubes and channels and across cylinders have a much 
better foundation than the few correlations known for the flow 
parallel to a heating or cooling surface when the fluid is not 
bounded by the walls of a tube or channel. 

The present experimental investigation was undertaken to 
secure and correlate data of heat transfer for this sort of flow, 
including transition-state conditions and the influence of hydro- 
dynamic starting sections. 

Referring to Fig. 1, it may be remembered that at the leading 
edge the fluid is suddenly caused to adhere to the solid surface. 
As a result a thin layer is formed in which the viscosity forces 
of the fluid bring about a change of velocity. As the stream 
moves over the surface, the retarding effect of the viscosity forces 
gradually penetrates deeper and deeper into the surrounding 
fluid so that the boundary layer increases in thickness. For 
some distance the flow in that layer is laminar; in a transition 
range it gradually becomes turbulent; in the turbulent stage, 
finally, the thickness of the layer increases more rapidly than it 
did in the laminar range. Within the boundary layer, however, 
still a very thin laminar film exists next the surface, being a 
permanent feature of any fully established flow. 

The boundary layer of a free stream parallel to a surface can 
be characterized by a dimensionless Reynolds number 2v,/v, 
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where 2 is the distance from the leading edge (x = 0 in Fig. 1), 
v, is the unaltered velocity, and v is the kinematic ‘viscosity of the 
fluid. The transition from laminar to turbulent flow is not sharp; 
it depends on original disturbances in the turbulent stream 
ahead of the surface, the shape of the leading edge, and the 
roughness of the surface. Critical Reynolds numbers, deter- 
mining the place, « = xr, where laminar flow ceases in the layer, 
have been measured from 100,000 to 500,000, depending on 
the starting conditions, 300,000 being the ordinary value accord- 
ing to van der Hegge Zijnen (1)4 and Hansen (2). With blunt 
leading edges, however, turbulent boundary layers have been 
obtained straight from the start (3),52 = 0. 

Due to the well-known analogy between momentum transfer 
and heat transfer, the mode of heat transmission depends on 
whether the flow in the boundary layer is laminar or turbulent. 
A difference in the coefficient of heat transfer by convection can 
also be expected if heating does not begin at the leading edge, 
but is preceded by a hydrodynamic starting length. Whereas the 
development of the boundary layer and its effect on heat transfer 
will not necessarily be the same for cylindrical and plane sur- 
faces, the difference will be considerable only if the radius of the 
surface curvature is relatively small (4).® 

Considering the described features of flow and heat transfer 
along a surface, the objectives of the investigation are as follows: 


1 To determine the heat transfer between a cylindrical sur- 
face and air in parallel flow, laminar or turbulent, under condi- 
tions where only a small influence of the surface curvature is to be 
expected. 

2 To determine the effect of different hydrodynamic starting 
lengths on the heat-transfer coefficient. 

3 To compare the results with theoretical and experimental 
results for plane surfaces reported in the literature. 


Compared with the use of plane plates by previous investiga- 


4 Numbers in parentheses refer to the Bibliography at the end 
of the paper. 

5 Loe. cit., p. 139. 

6 Loc. eit., p. 249. 
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tors the use of a cylindrical specimen has the following ad- 
vantages: 


1 A cylinder can be easily placed in the center of an air jet 
without disturbing the uniform velocity field ahead of the 
apparatus. 

2 With a plane plate, heat losses to the side have to be con- 
sidered, and for this reason the plate must be rather wide. Such 
losses do not exist in a cylinder and therefore its diameter can 
be relatively small so that an air jet of moderate diameter can be 
used. 

3 Uniform heating is easier to provide and losses to the back- 
side of the heater are smaller and easier to control than with plane 
plates. 

4 A cylindrical specimen is particularly convenient for study- 
ing the influence of the hydrodynamic starting length. 


With these objectives and advantages in mind a cylindrical 
specimen was designed with an electric heating coil inside and 
thermocouples just below the outer surface to insure accurate 
temperature measurements without interference with the air 
stream. Wooden nosepieces of different shape and length served 
to close the upstream end of the specimen and to vary the 
hydrodynamic starting conditions. 

In the experiments air was pressed through a channel by a 
blower and discharged by a nozzle into the room and against the 
nose of the specimen which was placed in the air stream with its 
axis parallel to the flow lines. Under these conditions the main 
air-stream velocity was measured with a Pitot tube; the heat 
input to the specimen was determined from the wattage of the 
heating coil by electric instruments; and the temperatures of 
the main air stream and the specimen surface were measured by 
thermocouples. These are the data necessary for calculating the 
coefficient of heat transfer by convection. Experimental runs 
were made at various velocities and under different hydrodynamic 
starting conditions. The results were correlated in graphs and 
formulas, discussed and compared with those of previous investi- 
gators. 


DeEscrRIPTION OF APPARATUS 


For the time being the experiments had to be restricted to one 
heating cylinder. In order that the results might be applicable 
to the case of a plane surface with reasonable approximation, a 
diameter of 1.3 in. seemed to be appropriate, considering the 
range of Reynolds numbers which could be covered by the ex- 
perimental arrangement. 


WOODEN COPPER HEATING STAINLESS 
NOSE SPECIMEN STEEL SUPPORTING 
PIECE TUBE 
IT 
AIR FLOW 


SUPPORTING 
STAND 


Fic. 2 Grenerat ARRANGEMENT OF APPARATUS 


Fig. 2 is a self-explanatory sketch of the general setup of the 
apparatus. The nozzle indicated in this sketch had a square 
throat, 10 in. X 10 in. Details of the specimen with supporting 
assembly are given in Figs. 3 and 4. The main parts are a copper 
tube 8 in. long, 1.300 in. OD, 0.950 in. ID, and a stainless-steel 
tube 0.840 in. OD, 0.622 in. ID, on which nichrome wire, BandS 
gage No. 24 B (0.0201 in. diam) was wound. This heating coil 
was insulated by glass cloth and placed inside the copper tube. 

Extreme care was taken to insure a smooth and continuous 


bo 
or 


surface junction between the wooden nosepiece and the copper 
tube, as irregularities at this point would greatly influence the 
character of the boundary layer. The surface junctions were 
made with paper rings inserted in grooves as shown in Figs. 3 and 
4. Melted paraffin was then painted on the junction and care- 
fully scraped flush with the surface of the copper tube and the 
wooden nosepiece. A Pitot tube constructed according to 
Prandtl’s design (5),7 in connection with an inclined manometer, 
was provided for the velocity-head measurements. 

All thermocouples used in the investigation were made of cop- 
per and constantan, B & S gage No. 28 (0.0126 in. diam). The 
cold junctions were placed in melting ice at 32 deg F. By means 
of a mereury-contact selector switch, each thermocouple could be 
connected to a Leeds and Northrup portable precision potentiome- 
eter which allowed readings of 0.001 mv. 

One thermocouple served to the measurement of the air-flow 
temperature. It was inserted into a 1/s-in-diam copper tube which 
was placed parallel to the air flow for a distance of 2 in. and was 
sealed at the upstream end. 
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Fic.5 Locations or SuRFACE THERMOCOUPLES IN CoprrR HEATING 
SPECIMEN 


In order to avoid disturbances on the surface, the eight thermo- 
couples serving for the measurement of the surface tempera- 
ture were placed in, and brought out axially through four slots of 
square cross section (0.080 in. side length) in the wall of the heat- 
ing tube as shown in Fig. 3. “The thermocouples fitted snugly in 
the axial slots but were removable for ease of calibration and 
manipulation. Locations of the hot joints of the thermocouples 
are shown in Fig. 5. 

Thermocouples for secondary temperature measurements were 
placed in the wooden nosepieces, Fig. 6, and on the rear part of 
the heating-coil tube, Fig. 7. Each of the latter thermocouples 
was wrapped around the tube once so that the wires were in an 


7 Loe. cit., p. 170. 
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isothermal zone for about 1 in. from the joint. The purpose of 
these thermocouples will be explained in the following section. 

A hemispherical nosepiece of 0.65 in. diam is shown in Fig. 3. 
The six different starting pieces used in the experiments are de- 
scribed in Table 1. 


TABLE 1 STARTING PIECES 
. Lst Ltot 
Specification ft ft Lst/Ltot 
Cylinder with hemispherical nose. 1.026 693 0.606 
Cylinder with hemispherical nose............. 0.689 356 0.508 


Cylinder with hemispherical nose 


oO 
Ke 
oo 
NI 
OCOrRFH 
ie} 
on 
rs 


Conical piece (4 in. long)........ 5 0.220 
Ellipsoidal nose... 00.65. cnn 0.092 759 0.122 
‘Hemisphertcalimose masons nk en eee 0.075 742 0.101 


In this table Zst is the hydrodynamic starting length of the 
specimen, defined as the ratio of the surface area of the starting 
piece to the perimeter of the heating cylinder. The total length, 
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Ixot, is defined as the sum of the starting length Lst, and the 
thermal or heating length Lin, of 8 in.® 


Trst PROCEDURES 


The velocities were measured by the Pitot tube, using the 


equation 
= N/ 2g Hs = 18,2 76K N/a eens eee (1] 
where 
v, = velocity, ft/sec 
H = velocity head as used in test, ft of air 
H,, = velocity head, in. of water 
p = density of air, lbm/cu ft 


H.,, was read directly on the inclined manometer. 

Preliminary velocity traverses through the air jet, conducted in 
horizontal and vertical direction, revealed that for a distance of 
2 ft downstream from the nozzle, the air velocity varied less than 
1 per cent within an 8-in. core. Therefore, in the main experi- 
ments the velocity of the air stream was determined at one point 
only, midway between the ends of the heating coil and 2 in. from 
the surface of the specimen. 

The electromotive force of the thermocouples was ; checked at 
the water boiling point. The indications of the couples, when 
placed in saturated steam, were compared with the values of 
Keenan and Keyes’s steam tables (6). The deviations from the 
manufacturer’s calibration table were less than 0.1 F at 212°F.9 

As the velocity of the air, also its temperature, were always 
taken at a point midway between the ends of, and 2 in. from the 
heating surface. No correction was applied for the influence of 
velocity on temperature measurement, which may have reached 
0.7 F at the highest velocities, corresponding to about 1 per cent 
in the measured coefficient of heat transfer. 

The measurement of the temperature of the exposed surface is 
a delicate operation in any heat-transfer experiment. The 
thermocouple wires in the axial slots below the surface parted 
from the junctions virtually along isothermal lines, the maximum 
variation of the surface temperature in axial direction being 
generally below and only exceptionally slightly above 1 F/in. 
Therefore the junctions were not sensibly affected by conduc- 
tion in the axial direction. On the other hand, the influence of 
the slots in the copper wall on the cross-sectional temperature 
field had to be studied. Obviously, the length of the heat-flow 
path near the slots was increased and the distribution of the 
surface temperature around the tube was not uniform any more. 
In order to find the surface temperatures from the indications of 
the thermocouples in the slots, the temperature field in a cross 
section of the copper tube was determined by Lehmann’s 
graphical method (7). Fig. 8 shows the temperature field in 
the tube wall for the most drastic conditions encountered in the 
experimental work. The maximum possible deviation of the 
thermocouple indication from the undisturbed surface tempera- 
ture was less than 0.1 F and consequently the thermocouple 
readings were taken as the surface temperatures. 

The heat input was determined by electric-resistance and cur- 
rent measurements. Direct current was used in the heating coil. 
Its resistance was measured by a Wheatstone bridge, the slight 
increase of the resistance of the nichrome wire with temperature 
being taken from Knowlton’s handbook (8). A millivoltmeter 


8 The slight difference between the sixth ratio given in Table 1, 
and Lt/Ltot, a8 calculated from the lengths given in Fig. 3, is due to 
some details in design not indicated in the figure. 

9 In order to distinguish temperature differences from temperatures 
the unit symbols F and °F, respectively, are employed in this paper. 
A similar procedure is recommended when the centigrade tempera- 
ture scale or an absolute temperature scale is used. : 

10 Loc. cit., p. 187. 
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with shunt served to determine the heating current. Voltmeter 
readings were also taken for each run as a check. 

Any portions of the heat input which are not given up from 
the heating surface to the flowing air by convection will be called 


heat losses. They might be due to the following: 


(a) Radiation from the heating surface of the specimen to 
the room. 

(b) Conduction and convection from the paper rings at both 
ends of the specimen. 

(c) Conduction through the wooden nosepiece. 

(d) Conduction through the downstream end of the heating- 
coil tube. 

(e) Conduction and convection through the air space at the 
downstream end of the specimen. 


Loss (a) was calculated by Kirehhoff’s and Stefan-Boltzmann’s 
laws. Loss (6) was found, considering the paper rings as straight 
sheets protruding from a copper base at known temperature and 
exposed to the same air flow and at the same coefficient of heat 
transfer as the heating surface of the specimen. The calculation 
of the heat loss (c) was reduced to the problem of radial heat con- 
duction in a hollow hemisphere with the inner surface area equal 
to the cross-sectional areas of the wooden prongs holding the 
nosepiece in the heating-coil tube. The inner temperature was 
measured for several representative runs by means of the thermo- 
‘couples indicated in Fig. 6. 

The heat loss (d) down the heating-coil tube was calculated 
from the temperature gradient, measured by the three thermo- 
couples, shown in Fig. 7, the cross-sectional area of that tube and 
the thermal conductivity of the stainless steel. From the de- 
crease of the temperature gradient the loss (e) was found. 

The four losses, (a), (0), (c), and (e) together were less than 
1.5 per cent of the total heat input. They were calculated for 
several representative runs throughout the entire velocity range 
of the experiments, and an average correction of 1.4 per cent 
was applied to each run. 

The heat loss (d) was the only one of some weight. It amounted 
from 1.4 to 5.3 per cent of the heat input and had to be deter- 
mined individually for each run. 

Denoting the area of the heating surface by A, the rate of heat 
input by g;, and the sum of the heat losses by q;, the average sur- 
face temperature by ¢,, and the temperature of the bulk of the 
air stream by t,, the coefficient of heat transfer by convection is 
found from the equation 


EXPERIMENTAL RESULTS 


The experimental results are represented in Figs. 9 to 13, in- 
clusive. They comprise 92 experiments under seven different 
starting conditions. Six of these were obtained by using the 


127 


different starting pieces described in Table 1, and the seventh 
occurred when no particular care was taken to insure a continuous 
surface in gluing the paper ring in place. Sixteen runs were taken 
with this somewhat rough junction and twelve when the junction 
had been carefully smoothed with wax. 

The range of the experiments is shown in Table 2. 


TABLE 2 RANGE OF EXPERIMENTS 
Item Symbol Units Minimum Maximum 

One tA RAW On ceyece acters. yeramr as Lst/Ltot 0.101 0.606 
INAS SOC UIN (oo Ibo ee QO toe oe ft/sec 9.8 148.0 
Air temperature.............. la oF 43.0 83.5 
Reynolds number............ NRe 45300 1450000 
Heatuamputo ar eacae cts qi B/hr 42.9 362.0 
ET Gate] OSSESr eta ests ereceerrn 27 B/hr 2.0 9.0 
Heat transferred by convection gc B/hr 39.5 Soon” 
Surface temperature.......... ts oF 110.8 146.9 
Temperature difference........ ts—ta F 55.8 86.6 
Coefficient of heat transfer by 

COD VCCHLOUe aa yet sen ieieioiet Bhr-lft °F “1 2.55 26.2 
Nusselt number.............: NNu 126 2660 
Nusselt number for Lst/Ltot = 0 (NNu)o 146 2420 


For each run the Reynolds number, Nre, and Nusselt number, 
Nwu, were calculated from the following equations of definition 


and 


where » is the kinematic viscosity and & the thermal conductivity 
of the air. 

Since the characteristics of the boundary layer at any point 
depend on the total length from the start of hydrodynamic 
action to the point under consideration, the two dimensionless 
groups were formed with Lio: and not Lin as characteristic length. 
The former has been previously defined as Lict = Lst + Lin. The 
definition of the starting length Zs: is based on the fiction that 
every surface element of the starting piece was placed on a 
cylindrical surface having the radius of the heating cylinder. 
This is correct for the cylindrical sections of the starting pieces, 
but somewhat arbitrary, though reasonable for the nose portions. 
It can be assumed that Zs is a fair equivalent of the starting 
length of a plane surface. 

Also the choice of temperatures at which » in Equation [3] 
and k& in Equation [4] should be taken is rather arbitrary. How- 
ever, it is of secondary importance only because the temperature 
differences used were not too high (see Table 2). Since the Reyn- 
olds number is influenced by no other temperature but ¢, in the 
starting section and partly by the same in the heating section, the 
kinematic viscosity vy was taken at this temperature. The ther- 
mal conductivity k, on the other hand, enters the process only 
in the heating section and depends a good deal on the film 
temperature ty = (t, + t,)/2. Therefore it was taken at this 
temperature. 

Figs. 9 to 13, inclusive, show plots of Nu versus Nre for the 
various cases of a constant ratio, Lst/Ltor. The influence of the 
Prandtl number does not appear since all runs were made with air 
at virtually the same Prandtl number. 

According to these figures the transition to turbulence was © 
generally finished at Nre = 300,000, with the rough junction, 
however, already at Nre = 100,000 (see Fig. 12). It is striking 
that the relatively small roughness of the joint was sufficient to 
increase Nwu by almost 10 per cent. 

Fig. 13 shows the thermal behavior of the specimen in the 
laminar range and the starting of the transition in the runs where 
the ellipsoidal and the long conical nosepieces were used. 
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CORRELATION AND ANALYSIS OF THE RESULTS 


Mean Heat Transfer. In Fig. 14 the Nusselt number is plotted 
versus Lst/Ltot for two constant values of Nre in the turbulent 
range. These curves can be represented by an equation of the 


type 
Nyu = Co(Nre)™[1 + Ci(Let/Liot)”] = C(Nre)”....[5] 


or for Nre = const 


Nyu = C, ae C3 (Let /Ltot)” see eee cee en eens [6] 


Determining the constants from the experimental data, the fol- 
lowing equation for the turbulent region of the boundary layer 
was obtained 


Nxu = 0.0280(Nre) [1 + 0.40(Let/Ltot)?*75]......[7] 
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If the thermal and hydrodynamic actions start at the same point, 
Equation [7] reduces to 


Nyu = 0.0280(Nre)*....... ae (S)] 


Fig. 15 shows a correlation of the experimental data based 
on these equations. : 
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Whereas Equations [5] to [8], inclusive, hold only for fully 
established turbulence, there will also be an influence of the 
hydrodynamic starting length on the heat transfer for a laminar 
boundary layer. However, the present experimental arrange- 
ment allowed going back to Reynolds numbers in the stream- 
line range only when Lst/Liote = 0.220. In this range the in- 
fluence upon the turbulent layer would be only 0.6 per cent as a 
maximum, according to Equation [7]; no influence could be 
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observed in the mentioned range of laminar layers. The results 


of these tests were represented by the equation 
Vina’ = 0.090 (IV Ro) ormisyo ciate: (9] 


Fig. 15 shows clearly the effect of the laminar and turbulent 
layers on the heat transfer. As could be predicted from the 
theory of boundary layers, there is no sharp critical Reynolds 
number but a transition, depending on the initial disturbances 
and the shape of the nosepieces. Increasing Nre, the transition 
starts and ends earlier with spherical than with ellipsoidal nose 
and last with the long conical nosepiece. The cylindrical part 
of the starting length had no appreciable influence on the transi- 
tion when the noseptece was the same (spherical). In the fully 
developed turbulent range the points for all starting pieces fall 
into one line. 

Local Heat Transfer. Information about the influence of hydro- 
dynamic starting sections on the local coefficients of heat transfer 
is of considerable interest! and can be obtained from Equations 
[5] and [7]. However, since differentiation of an empirical equa- 
tion is a delicate matter, the accuracy of the result should not be 
overestimated. 

Considering a surface of arbitrary total length, Ltot, and con- 
stant starting length, Ust, and referring to the denotations in 
Fig. 16, Equation [5] can be written as 


(Nwu)z,m = Co(Nre)2” E + OC ad eek ince [10] 


where « is an arbitrary distance from the leading edge in the 
range from « = a = Det to = Ltot, the subscript x stands for 
this distance, the subscript 2, m for the mean between % = % 
and x = 2. 

Hence Equation [10] can be written as 


ham® _ Oo, (#) E etsy (2)"] ane [11] 
k y - 


11 Capt. M. Tribus, Air Technical Service Command, Wright Field, 
Dayton, Ohio, directed our attention to this fact. — " 
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Let q’ be the rate of heat transferred over the length « — x, 
from a surface of unit width, by virtue of the temperature differ- 
ence 0, = t, —t,; then 


COE, ei C= Wen Oc enG Ow ote 0. OFS {12] 


Substituting h,,, from Equation [11] and differentiating with 
respect to x 


dq’ i 
q = kCo ) gml E ae el as m) A 
6,dx v £ 


n n+1 
— (n—m)Q (*) + (-n— mor ®) | ieee ahi ns [13] 
zx zx 


q’ is a function of and h,, m; but hz, m, for given 7%, is a function 
of x only. Hence q’ is a function of x and dq’ is a perfect differ- 
ential. 

Substituting the numerical values of Ci, m, and n from Equa- 
tion [7] 


hy-x 


4 2.75 
(Nwule = = = Co(Nre),°* jos + 0.2 — 0.78 (2) 
k L £ 


3.75 
+ 1.18 (2) | ih [14] 
xv 


The local Nusselt number at the start of the heating section is 
obtained by taking = x, = Lest. Substituting this in Equation 
[14] 


(Naw) c= Dae = 1.4 Co(N Re) ax = Dyy0-3 == (Nyu) Lst/Ltot = 1 
= 0.0392 (Nre)#=Ls1?8 


as could be expected, considering the form and figures of Equa- 
tion [7] 
For List = Oor Liot aS Eh that is, x, /2x = 0 


(Nyu)z= © = 0.8 Co(NRre)x = eS (Nu) Lst/Ltot = 0 
= 0.0224(Nre) oo8 


L= oO 


These are the limits in which (Nyu), may vary owing to the in- 
fluence of starting length. 

The local Nusselt number at the end of the heating length is 
obtained by taking x = Ltot. In the present experiments Lst/Ltot 
was varied from 0.101 to 0.606. For these two cases Equation 
[14] yields the local Nusselt numbers 


(Nnu)e=Liop = 0.819 Co(Nre)® and 0.905 Co(Nre)?8 


respectively, to be compared with the mean Nusselt numbers 
Nyu= 1.0007 Co(Nre)®® and 1.1005 Co(Vre)®*’, respectively. 

The latter value is still considerably below the highest possible 
maximum 1.4 Co(Nre)8, whereas the lower limit Co(NRe)® 
has virtually been reached in the present experiments. 
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Influence of Surface Curvature in General. It will have to be 
proved by further experiments how far the present results can 
be applied to surfaces of other curvatures and especially to plane 
plates. However, an estimate of the influence of curvature on 
the heat transfer can be obtained in the following way: 

It is known that the temperature field and velocity field in a 
fluid flowing along a surface are almost similar. This had been 
assumed already by Osborne Reynolds and has been proved ex- 
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perimentally for the flow in a tube by Pannell (9) and on a plane 
surface by Elids (10). Let y be the co-ordinate in the direction 
perpendicular to the surface, with y = 0 at the surface and y = b 
at the imagined interface between boundary layer and bulk of the 
flow. The velocities and temperatures at those limits may be 
v = Oandv = »%, t = t, andt = t,, respectively. Then because 
of the existing analogy 


The rate of heat given up from a plane surface of width W to air 
in parallel flow between the limits c = Ls and x = xis 


de = f° Woew(t —tady = f-? Woe,6.(v — 02/v,)dy. . [15] 


The corresponding rate of heat given up by a cylindrical surface 
of circumference W = 2zr to air in parallel flow is 


ge = f° eep2m(r + yolt — tady = f° Wey, + y/r) 
(O02, Oia alae hee [16] 


Using the same symbols for » and b in both equations involves 
the assumption that these quantities are not different for flow 
parallel to a cylinder or to a plane plate. This assumption seems 
to give a fair approximation, even for relatively thick boundary 
layers, according to an observation of Eckert and Weise which 
will be discussed later on. 

Then, according to Equations [15] and [16], the coefficient of 
heat transfer on a cylinder can be found by multiplying the co- 
efficient for a plane surface by the factor 


N—M N 
Ns eae RR Sas is ae 
M M ce 
where 
MW = ifha (v — v?/v,)dy and N = Whe (1 + y/r)(v — v?/0,)dy 
Influence of Surface Curvature in the Laminar Range. For the 


laminar section of the boundary layer, the velocity distribution 
is exactly known from the calculations of Blasius. According 
to Pohlhausen (11) a close approximation is obtained by the 


equations 
2y8 y! 
Z + Z ) UZ APRIL. rene eee 
b3 b4 


DE=" 5:83) 2 (Nine) ped Oane tetera etet anes [19] 


and 


Equation [19] represents the true thickness of the boundary 
layer and not the so-called displacement thickness for which, 
according to Pohlhausen, the factor 1.75 instead of 5.83 would 
have to be entered. 


Substituting from Equation [18] in [17] and integrating 
yields 
It = nee bd, 
315 
2 
N—M = snes Ug 
126 r 
and 
25 b 
Bia tian AAR Rta Oo 
284 r ry 


where r is the radius of the surface, 0.054 ft in our case. 
According to Equations [19] and [20], the correction factor F 


increases linearly with x and inverse linearly with ~V (Nre);. 
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The extreme case in our experiments occurred with Lice = 0.759 
ft (ellipsoidal nosepiece) at Nre = 46,200 (see Fig. 13). By 
susbstitution in Equations [19] and [20] 6 = 0.0207 ft and F = 
1.0338 were found. Hence in our most extreme case a 3.4 per 
cent higher value had to be expected for the cylinder than for the 
plane plate. 

From Fig. 13 it is seen that this is just the order of magnitude 
of scattering of our data. So, the differences of the coefficients 
of heat transfer for cylindrical and plane surfaces, if any, are in 
the limits of our accuracy. Should, however, really no difference 
exist in our range, then this would have the following consequence: 

A layer of the bulk flow of unit thickness adjacent to the sur- 
face of the boundary layer at y = b has a greater volume on the 
cylinder than on the plane surface of equal area. Hence its 
wiping capacity will also be greater and the thickness b may be 
reduced. Therefore, b in Equation [16] would be smaller than in 
Equation [15]. However, if Equation [18] were still holding 
for the velocity distribution, (dv/dy)y=0 and, consequently, also 
— (dt/dy)y=0 would become steeper which would mean a greater 
heat transfer. Hence in this case Equation [18] would have to 
be replaced by an equation giving a less steep velocity slope at 
y = 0. : 

Influence of Surface Curvature in the Turbulent Range. Re- 
ferring to the turbulent section of the boundary layer, again 
Equations [15], [16], and [17] can be used. Equation [18] may 
be replaced by 


Dan (7/0) Saeco ee [21] 


This is von K4rm4n’s well-known equation which, notwithstand - 
ing its approximative character, may be used here, for the follow- 
ing reason: According to experiments about the flow in cylin- 
drical tubes by Nikuradse (12), the exponent in Equation [21] 
decreases from 1/5 to less than 1/;) with increasing Reynolds 
number (13). However, it is not known how the Reynolds num- 
bers for unbounded flow on surfaces are correlated to those for 
the flow in tubes. The range of turbulent flow covered in the 
present experiments (Vre ~ 300,000 to 1,500,000) may corre- 
spond to the range between the so-called upper critical number 
in tubes, Nre.~ 10,000 or 20,000 (see (14)12 and (15)8) to NRe 
~ 75,000, in which range the exponent of Equation [21] equals 
about 1/7. ; F 

Applying an equation of von K4érmdén (16), the thickness of _ 
the boundary layer can be expressed by 


B= OLS66) a) (Nine?) sian eee [22] 
where 
g’ = x2 — x 
(Nae’)e! = 


and = 2p is defined as that distance from the leading edge at 
which fully established turbulence should start in order to bring 
the boundary layer to the same thickness 6 at x = 2er which it 
actually attains in the laminar range (see Fig. 1). In other words, 
extending the turbulence curve in Fig. 1 to the left, would lead 
to b = 0 at a fictitious distance x = 2. 

Hence for = ar Equations [19] and [22] would yield the 
same b so that 


VgXer oe OA Gis rE Xo) ee 
5.83 Ler = 0.366 (Ger — x) | —————— 
vp Vv 


Solving for 2 yields 


12 Loc. cit., p. 34. 
13 Loc. Cit, Ds Lia. 
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Vaer -8/s 
Cone Lorhl Welt O bas Oerd e == e N 2 oe, heene 
Vv 


From Equations [22] and [23] by some transformation 


v2, -3/s 0.8 —0.2 
aver Ugr 
= 0.906241 [1 a1, o( ) | (= 

x v v 


or 
NRre)er mae 
b = 0.3662 ee Wie = ) E — 31.82 evn” | (Nine). aos” 
: (NRe)« 


The thickness 6 increases with increasing x and with decreasing 
(Nre)er up to a maximum which would occur at (Nre)er = 2908. 
One extreme case in our experiments occurred with a cylin- 
drical starting piece having a hemispherical nose (Ltos = 1.69 ft) 
and with (Nre)cer ~ 50,000 and Nre ~ 1,500,000 (see Fig. 15). 
Using these values in Equation [24], b = 0.0353 ft was found.!4 
Substituting now from Equation [21] in [17] and integrating 


Me= Ka bug 
72 
pre Al 
~ 240 7 
and 
3 (0 
F=1 Se ee thn. tietieoke irae 25 
a he [25] 
With b = 0.0353 and r = 0.054, F = 1.196 was obtained. 


The other extreme occurred with the spherical nose without 
cylindrical starting piece (Ltot = 0.74 ft) and with Nre = (NRe)cr 
= 50,000. Here b = 0.01347 ft and F = 1.075 were found. 

This means that for the used cylindrical surface, heat-transfer 
coefficients, 7.5 to 19.6 per cent higher than for a plane surface 
may be expected. Should actually no differences exist, then the 
same consequences would have to be considered as drawn when 
dealing with the corresponding differences for a laminar boundary 
layer. 


Comparison WiTH Previous WoRK 


The present results will be compared with theoretical and ex- 
perimental results of previous investigators. Most of them can 
be reduced to starting length zero and represented by the form 


Nyru = 


Values of Cy and m, according to different workers, are shown 
in Tables 3 and 4, each in chronological sequence. For compari- 
son it may first be noted that the present experiments led to Co 
= 0.590 and m = 0.50 for laminar boundary layer, and to Co = 
0.0280 and m = 0.80 for turbulent layer. 

Strangely enough, the first notable investigations on this sub- 
ject date less than 25 years back and are purely theoretical. 

For the laminar range Pohlhausen (17) in 1921 derived the 
following equation 


Nive 1GSANG Ci) = (27] 


Substituting Ne, = 0.71 which holds for the average tem- 
perature of the present experiments, Equation [27] takes the 
form of Equation [26] with Co = 0.592 and m = 0.50 in excellent 


14 This procedure involves the assumption that Equation [22] 
can be used through and past the transition region (see Fig. 1); the 
same assumption will be made in deriving Equation [29]. Within 
the transition region, however, it yields only approximation results. 
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agreement with the result of the present experiments. Inci- 
dentally, Pohlhausen’s derivation is one of the few existing 
direct solutions of Stokes’s equations of viscous flow in combina- 
tion with the equation of thermal conduction in moving fluids. 
The attempts made by Boussinesq, King, and Aichi before Pohl- 
hausen, and by Lévéque afterward, failed because of over- 
simplified assumption. Lévéque, for instance, assumed a linear 
velocity distribution, instead of Equation [18]. These mathe- 
matical attacks of the problem have been thoroughly described 
by Drew (18). 

For turbulent flow, Latzko (19), also in 1921, derived the 
following equation for the rate of*heat flow: 


Qtst/Lrot =0 = 0.0356 Li,Wpc,v0,(NRe) °:? 
which can readily be converted to 
Nyu = 0.0356 (Nae) Ner......---- [28] 


This equation has the same exponent as was found in our experi- 
ments. Since Latzko’s derivation is restricted to Npr = 1, 
it holds only approximately when Ner # 1. However, substi- 
tuting Ner = 0.71, Cy = 0.0253 was obtained, our experimental 
value of Co being about 11 per cent higher, in satisfactory agree- 
ment with the presented theoretical analysis concerning the in- 
fluence of surface curvature to the results. 

Latzko’s derivation is based on von Ké4rmdan’s form of 
Equation [24], that is, (Vre)er/(Nre), is neglected compared to 1. 
Instead of this, the fictitious point « = x (see Fig. 1) may be 


taken as zero point of a system, denoted by prime signs; then 
Wises hLtot ad h(Ltot = Xo) Ltot = Ne Liot 
k k Litot — Xo J Ltot — 2o 
and from Equation [28], using Ner = 0.71 


Nyu’ = 0.0253 (Nre’)°-® 


After some transformations 


N- e/cr aoe 
eis E ay s2007n)a-%| : 
Nre 


Narr stak <= (CRN Gy Edis wale aoe [29] 


The expression in curved brackets increases with Nre and with 
decreasing (Nre)er up to the previously mentioned maximum. 
Hence again the extreme occurred with Nre = 1,500,000 and 
(Nre)er = 50,000. The calculation yields Co = 0.0254, com- 
pared to Latzko’s value 0.0253. Hence Cy = 0.0280, observed 
with our cylindrical surface, is about 10 per cent higher than the 
theoretical value for a plane surface, in satisfactory agreement 
with the average (13.5 per cent) of the theoretical values, calcu- 
lated at the end of the preceding section. 


TABLE 3 CONSTANT Co AND EXPONENT m OF nee ATION [26] 
FOR LAMINAR BOUNDARY LAYER 


Authors Kind of work Surface Co m 
Pohlhausen Theoretical Plane 0.592 0.50 
Fage and Falkner Experimental Plane 0.750 0.50 
Jakob and Dow Experimental Cylindrical, 


diam, 1.3 in. 0.590 0.50 


TABLE 4 Set ane Co AND EXPONENT m OF AS [26] 
OR TURBULENT BOUNDARY LAY 


Authors Kind of work Surface Co m 
Latzko Theoretical Plane 0.0253 0.80 
Juerges Experimental Plane 0.0452 0.775 
Juerges Experimental? Plane 0.0322 0.80 
Colburn Correlation Plane 0.0320 0.80 
Seibert Theoretical Plane 0.0423 0.786 

“ Seibert Theoretical? Plane 0.0349 0.80 
Jakob and Dow Experimental Cylindrical, 
diam, 1.3 in. 0.0280 0.80 


@ Results reduced to m = 0.80. 
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Only one year after these two papers the first publication of 
Juerges’ experiments appeared (20), followed in 1924 by a de- 
tailed report (21). He measured the heat transfer from a vertical 
plane copper plate, 1.64 ft X 1.64 ft, to air flowing parallel to the 
surface at velocities up to 100 ft/sec, surface temperatures from 
115 to 140 deg F, and air temperature of 68 deg F. The hydro- 
dynamic starting length in these experiments was 1.02 ft. Fora 
polished plate Juerges found 


Te= 02499 7 oat Oh ek cototaval tetera etcereae [30] 


which can be generalized into our standard form, Equation [26], 
by using the term in square brackets of Equation [7]. In this 
way Co = 0.0452 and m = 0.775 were obtained. In order to 
simplify the comparison with our values, Juerges’ results were 
also represented with m = 0.80. This led to Co = 0.0322 and to 
values of Nwu which differ less than +2 per cent from the values 
obtained by Equation [30] between Vre = 300,000 and 1,500,000, 
but are 15 per cent higher than our values based on Cp = 0.0280. 

Much of this difference is probably due to a blunt leading edge 
of the starting surface.'* As mentioned in the first section of this 
paper, turbulence will start immediately past such an edge with 
the effect that considerably more heat is transferred in the 

‘thermal section. Therefore, Juerges’ results cannot be directly 
compared with the present ones in which a laminar boundary 
layer preceded the turbulent layer. Reference is made to Fig? 
12 which shows that even a small roughness in the starting 
section can have an effect on the Nusselt number of similar order 
of magnitude as was observed between Juerges’ and the authors’ 
experiments. 

In the experiments of Elids (10) which covered almost the same 
range of », and 6, as those of Juerges, a starting piece 3.94 in. 
long, with sharpened leading edge and heating lengths of 3.94 
to 15.76 in. were used. 

Elidés represented his experimental results by curves of the 
velocity and temperature distribution in the boundary layer and 
used these curves to determine the heat carried past in the air 
stream by graphical integration, according to the first part of 
Equation [15]. 

From Elids’ reported values we calculated the heat-transfer 
coefficients and the Reynolds and Nusselt numbers with Ltot 
as characteristic length. Again the starting length was con- 
sidered by means of Equation [7]. 

Blids’ and Juerges’ data, reduced to Let = 0, are compared 
with the present results in Fig. 17. It is seen that most of Elids’ 
points fall in between Juerges’ and our line. They show an un- 
usual steep increase with Reynolds number (m > 0.9). Seibert 
(22) considers this as evidence of not yet finished transitions and 
in fact, the points of Fig. 17 fit rather well with our observations 
in the state of transition shown in Fig. 15. The instability due to 
transition and the indirect determination of heat convection 
from flow and temperature measurements in the boundary layer 
may account for the considerable scattering of the points.1¢ 

In contrast to the steep increase of Elids’ values, Taylor and 
Rehbock (23) arrived at an improbably small exponent (m = 
0.725), using Juerges’ data and their own experiments, per- 


18 In Fig. 2 of Juerges’ paper no sharpening or smoothing of the 
edge is indicated. Since many minor details are dealt with in the 
paper, the author would certainly have mentioned any sort of treat- 
ment of the leading edge. 

16 The accuracy of the experiments is unfavorably influenced by 
the difficulty to co-ordinate a considerable number of measured local 
velocities and temperatures to the exact values of y in a total range 
of boundary thickness of about 1/2 in. only. Moreover, the surface 
temperature was measured by thermocouples placed on the back side 
of the heating box. It is very questionable whether sufficient sym- 
metry existed on both sides; the surface thermocouples themselves 
may have disturbed such symmetry. 
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Fic. 17 ComparisoON OF PRESENT RESULTS FOR A TURBULENT 
Bounpary Layer With Previous Exprermments WITH FLat 
PLATES 


formed on a 6-in-sq copper plate at 75 to 235 ft/sec air velocity. 
Unfortunately, they did not indicate the value of the hydro- 
dynamic starting length in their experiments. For this reason a 
comparison with present results is not possible. , 

Fage and Falkner (24) determined the heat transfer to air from 
platinum foils, 0.00127 em thick, 1.27 em wide, and from 0.333 
to 1.27 em long, in the laminar-boundary range. The air velocity 
was varied from 20 to 70 ft/sec, the air temperature was 72° F, 
the foil temperature was about 340°F. For the exponent m the 
usual value of 0.5 was found, for the constant Co, however, 
the high value 0.750. This may be ascribed to the fact that with 
such short heating surfaces, the starting-section conditions pre- 
vail. Latzko (19) analyzing an analogous case in the turbulent 
range found that in the starting section the constant Cy should 
be higher than in established turbulence, whereas the exponent 
would remain unchanged. The same may hold for the laminar 
range. 

Colburn (25) accepted Pohlhausen’s equation and made a cor- 
relation according to which Fage and Falkner’s results would be 
in agreement with this equation. Because we had found their 
values to be 27 per cent too high, we asked Dr. Colburn for an 
explanation of this discrepancy, and he found that due to a- 
slide-rule error, all points representing Fage and Falkner’s values 
in his Fig. 20 should be raised by 21 per cent. This explains the 
greatest part of the mentioned difference. 

Colburn further correlated the experimental results of Juerges 
and Elis in the turbulent region and expressed them by the fol- 


lowing equation 
hL am 
= = 0.0321 ae 


v 


Using!’ Juerges’ Lst/Liot = 0.383 and converting from vy at 
film temperature (about 98°F) as used by Colburn, to » at bulk 
temperature (about 68°F), correcting also for the influence of 
the starting length, according to Equation [7], Colburn’s equa- 
tion is reduced to our standard form with m = 0.80 and 


Co = 0.0321 (Lrot/Len)2[1 + 0-40(Lat/Lrot)?75]-1(v/0,)?8 
= 0.0320 


Seibert (22) also adopted Pohlhausen’s theory in the laminar 
range. For turbulence he used the modification by which Prandtl 
had extended his original theory to the case of Np, ¥ 1 and in 
particular, ten Bosch’s (3) extensions of this theory. Employing 


17 Loe. cit., p. 283, Fig. 7A. 
18 Plids’ range of ratios was Let/Ltot = 0.2 to 0.5. 
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Seibert’s exponent m = 0.786, but correcting! for the difference 
in Np,, the value Cy = 0.0423 was obtained. His results can he 
covered also by using m = 0.80 and Cy = 0.0349. Comparison 
then shows that Seibert’s theoretical values of Nnu for plane 
plates are 25 per cent higher than those measured on a cylinder 
in the present work. This is at variance with Latzko’s theoretical 
results which cannot be expected to be seriously in error at a 
Prandtl] number so close to unity. However, Scibert’s relation 
is based on different assumptions which would need to be 
checked, as he states himself. 

Seibert also indicated the following formula for the transition 
state 


Ne = 0.00178 (Nne)?#........ nee [31] 


It yields too low values compared to the transition lines in Fig. 
15. 

Also his method of inserting [lids’ results between a maximum 
and minimum of Nusselt numbers:is questionable. The heating 
section gives up more heat (max) in actual measurements if an 
unheated starting length exists, than would be the case if the 
same total length were held at the same temperature excess 4, as 
‘the heating section was in the actual experiments (qmin). Seibert, 
however, uses a sort of mixing rule for Nusselt numbers in his 
Equation [20], which is not correct. 

Using Equation [7], the following is obtainéd 


[1 — (Let /Lrot)-8}(1 — Lst/Ltot) 
1 + 0.4(Lse/Lov)?-7 


Qmin - 


Qmax 


For the extreme ratios, employed by Elias, Lst/Ltot = 0.2 and 0.5, 
Equation [32] yields gmin/qmax = 0.901 and 0.804, respectively, 
compared to the ratios (Nwu)min/(NNu)max = 0.945 and 0.718, 
respectively, calculated according to Seibert, assuming the same 
exponent, m = 0.8. In general, much insight in the mechanism 
is not obtained by Seibert’s method of asking what the heat 
transfer in a heated section would have been if the starting length 
had also been heated, whereas Equation [7], rough and improva- 
ble as it may be, considers the influence of the starting length in 
a straightforward way. 

Finally, some theoretical and experimental papers may be 
mentioned which deal with the laminar part of the boundary 
layer at very high fluid velocity. The authors are Crocco (26), 
Hilton (27), Eckert and Weise (28), and Eckert and Drewitz (29). 
The result of these investigations is that Pohlhausen’s equation 
can be applied up to as high speeds as twice the velocity of sound, 
provided that the temperature of the gas t is replaced by the 
temperature t; which the unheated and perfectly insulated sur- 
face would assume in the gas stream, This temperature may 
be called “impressed temperature.” ForNrr = 1, it is found by 
adding to the ordinary surface temperature the temperature 
increment due to adiabatic stopping of the gas stream, Oa = 
v,2/(64.4 Jc,), where J is the mechanical equivalent of heat.” 
For Nrr ¥ 1, 0; = Ona. y(Nrr) is to be added to t,; values of the 
function ¢ are given in Table 5. They are calculated by means of 
Pohlhausen’s theory; the first nine values have been taken from 
his original paper (17), the last two from Eckert and Weise’s 
paper (28). 4 

Also the heat transfer in the range of turbulent layer can be 
calculated with the formulas developed for small velocities if ¢; 
is employed instead of t,. 

Hence it may be assumed that the results of the present paper 
also can be approximately used for high velocities and for other 
fluids than air if f, is replaced by ¢;. 


19 Seibert’s Equation [17] has been used for this slight correction. 
20 Wor convenience J and cp are expressed in the dimensions given 
in the ‘‘nomenclature;’’ the number 64.4, then, is not dimensionless. 
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TABLE 5 VALUES OF THE FUNCTION (¢NpPr) 

Npr 0.6 0.7 0.8 0.9 Or 1 \a A 

g(NPr) 0.77 0.835 0,895 0.95 1:00) 105 ( SS 
Pr 7.0 10.0 15.0 100 1000 Tata 

g(Nrr) 2.515 2.965 3.535 6.7 229 } Be ie 


Concerning the influence of curvature of the surface in a plane 
perpendicular to the main flow direction, Eckert and Weise 
made some tests on wires with 0.2 to 2 mm diam in the range of 
¥_ = 400 to 1000 ft per sec air velocity, corresponding to Nre = 
50,000 to 500,000. Denoting the temperature excess of the un- 
heated wire by 6;, it was found that the ratio 0;/@.a depended only 
slightly on the ratio b/r which was varied from 0.1 to 1. In 
the same range, Hilton measured 0;/0.a for a plane plate and 
found only about 3 per cent higher values than Eckert and Weise 
on the thin wires. This is in good agreement with the deviation 
of 3.4 per cent calculated by the present authors for b/r = 0.384 
in the fourth part of the previous section of this paper. 


SUMMARY AND CONCLUSIONS 


1 Systematic measurements of the heat transfer by convection 
from a cylinder to a fluid flowing parallel to its axis allow a simpler 
technique than measurements with plane surfaces. They should 
yield results which can be applied to plane surfaces up to rather 
high Reynolds numbers when cylinders with reasonably large 
diameters are used. 

2 The present experiments were performed with air flowing 
parallel to an electrically heated smooth cylinder, 8 in. long, 1.3 in. 
diam, Wooden nosepieces of different shapes and cylindrical 
pieces of different lengths served as unheated starting sections. 
The heated lengths were varied from 40 to 90 per cent of the total 
length, air velocities from 10 to 150 ft per sec, corresponding to 
Reynolds numbers from 45,000 to 1,509,000, based on the total 
length as a characteristic dimension. 

3 The results of the measurements could be expressed by the 
equations 

NN =O. ODOM Nira) °-20n cacals sierra tnnet wets [9] 
and 
Nyu = 0.0280 (Nre)?®[1 + 0.40 (Lst/ Dot)??? J... .. [7] 


for laminar and turbulent boundary layers, respectively, where 
Nwu and Npe are Nusselt and Reynolds numbers with the total 
length Liot as characteristic length, and Ls as the starting length. 
Transition to turbulence started between Nre = 50,000 and 
200,000 and was virtually finished between 250,000 and 600,000 
(see Fig. 15). The start and end of transition depended mainly 
on the shape of the nose. Even a slight roughness in the start- 
ing section caused a considerable increase of the heat transfer. 

4 An equation for the local Nusselt number was derived 
from Equation [7] by differentiation. 

5 The influence of the cylinder curvature has been studied 
theoretically, considering similarity between velocity and tem- 
perature distribution and assuming that the velocity distribution 
in curved boundary layers is the same as for plane layers. Under 
these assumptions 8.8 b/r and 30 b/r would be the percentages 
by which the Nusselt numbers for cylinders would execed those 
for plane plates in the ranges of laminar and turbulent layers, 
respectively, where r is the cylinder radius and the thickness of 
the boundary layer b is taken from Equations [19] and [24], 
respectively. It was further shown what changes in the theory 
might be advisable if such differences should not actually occur. 

6 Using these differences in the laminar range of the present 
experiments, the heat transfer should be higher by 0 to 3 per cent 
than for a plane boundary layer. This seems to be in agreement 
with some recent experiments which Hilton and Wckert and 
Weise performed at much higher air velocities and smaller 
lengths. Fage and Falkner, however, obtained 25 per cent higher 
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values in tests on short platinum foils. No difference was found 
between the present experimental data on cylindrical layers 
and those from Pohlhausen’s generally recognized theory for 
plane boundary layers. 

7 Applying the theory to the turbulent range of the present 
experiments, a 7 to 20 per cent larger heat transfer would be ex- 
pected than for plane plates. Actually the present experimental 
data are about 10 per cent higher than those obtained from 
Latzko’s theory for a plane surface. On the other hand, they are 
20 per cent lower than those according to a theory of Seibert which 
is based on different and not yet proved assumptions. Experi- 
ments in the range of turbulent boundary layers on plane surfaces 
have been performed by Juerges and Elids. A blunt leading 
edge seems to have caused relatively high heat-transfer values 
in Juerges’ experiments 15 per cent above the present data. 
filids’ results are between Juerges’ and the present data. 

8 <A recent paper of Eckert and Drewitz shows that Pohl- 
hausen’s theory holds up to twice the velocity of sound if the fluid 
temperature is replaced by a temperature impressed on the surface 
because of adiabatic stopping and friction of the stream. The 
same is claimed for the turbulent boundary layer. 

It may be concluded also that the results of the present in- 
vestigation can be approximately employed up to much higher 
than the experimental velocities and applied to other fluids 
when the equilibrium fluid temperature is replaced by the “im- 
pressed temperature’’ of the surface. However, it is planned to 
extend the experiments to velocities higher than those used in 
the present experiments. 

9 According to the authors’ theoretical reasoning, the heat 
transfer on plane surfaces should be somewhat smaller than 
given by Equation [7]. This would be in agreement with Latzko’s 
theory. Seibert’s theory for plane surfaces, however, leads to 
higher values of heat transfer than observed on the cylinder. 
It is intended to decide this controversial question by experi- 
ments with cylinders of different diameters, varying also the 
starting and heating lengths. For the time being it. seems to be 
safe to use Equation [7] tentatively for any convex smooth sur- 
face with arbitrary starting section when the radius of curvature 
in a plane perpendicular to the main flow direction is more than 
1/,in. The influence of the starting length, in particular, should 
be nearly the same for cylinders and plane surfaces. 
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Temperature-Time Distribution in 


Rectangular Bars 


By W. M. ROHSENOW,! M. J. ARONSTEIN,? ann A. C. FRANK? 


Charts for determining temperature-time distribution 
in flat plates, infinite cylinders, and spheres have been 
published previously. The purpose of this paper is to 
amplify the lower end of the curves thus presented, and to 
give the results in graphical and in tabular form. In ad- 
dition, the rapid convergence of the series solution is 
shown, and combined curve sheets for rectangular bars 
are presented. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


¢ = temperature 

t, = initial temperature of bar 

t, = temperature of surrounding atmosphere 
@ = time 

k = coefficient of thermal conductivity 

p = density ; 

Cp = specific heat at constant pressure 

w = half-width of bar in z-direction 
half-width of bar in y-direction 

a = k/(ec,) — thermal diffusivity 
h = film coefficient of heat transfer 
b = h/k 

T= (t hn ta) /(ts ae tq) 


ll 


Ue > X,, 
n=1 


defined in Equation [6] 


Py 
i 


Note: Any consistent set of dimensions may be used. 


INTRODUCTION 


When a homogeneous solid body at a uniform temperature is 
suddenly exposed to an atmosphere which is held at some con- 
stant temperature different from that of the body itself, heat is 
exchanged between the body and the atmosphere through a film 
on the surface of the body. The outer parts of the body approach 
the temperature of the atmosphere more rapidly than do the 
inner parts. Heat is transferred between the inner and outer 
parts of the body by conduction. After an infinite amount of 
time the solid body is uniformly at the temperature of the sur- 
rounding atmosphere. 

In engineering applications the useful information concerning 
this transient-state heat-transfer process is of two forms. In one 
case it may be desirable to know the temperature distribution 
existing in a solid body at any instant of time; in the*other case 
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it may be desirable to know the temperature-time curve for any 
point in the body. An example of these cases is the hardening of a 
solid steel body. The solid body is heated to a uniform high 
temperature; then it is suddenly quenched in oil or water. The 
inner parts cool more slowly than the outer parts; hence there 
results a body of varying degrees of hardness throughout its 
volume. In order to determine the stresses produced in the bar 
by this unequal cooling, it is necessary to know the temperature 
distribution at any instant of time; and, in order to determine 
the degree of hardness at any point in the bar, it is necessary to 
know the temperature-time curve at that point. 

Charts for determining temperature-time distribution in in- 
finite flat plates, infinite cylinders, and spheres have been pub- 
lished by Gurney and Lurie (1, 2),? Hottel (3) and Newman (4). 
The purpose of this paper is to enlarge the lower end of these 


* curves presenting the results in graphical and in tabular form; 


to show the rapid convergence of the series solution; and to 
present combined curve sheets for rectangular bars. 

Since the number of variables is large and the calculations are 
laborious when applying the equations resulting from the mathe- 
matical solution of the problem to any given case, the series of 
charts constructed permits a convenient solution under any set of 
given conditions. From these charts the temperature-time- 
position relationship for two specific cases, namely, the square 
bar and the 2 X 1 rectangular bar, was found as a method of 
illustrating the procedure. It is hoped that these specific solu- 
tions along with the solution for the infinite flat plate will give a 
general idea of the range of values to be encountered. 


INFINITE FLAT PLATE 


Consider an infinite flat plate (infinite in the Y- and Z-direc- 
tions) of thickness 2w, as shown in Fig. 1. The plate is initially at 
a uniform temperature ¢, and is suddenly exposed to an atmos- 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


Fie. 1 Cross Section oF INFINITE Fiat PLATE 
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phere of temperature f,, which may be colder or hotter than ¢,. 
The heat-conduction equation for this case is 


ot Ot 
Se) Moet Ie Ce: is OER {1] 
06 Ox? 
where 
a = thi (pcain® Mins detec mate eerie (2] 


The term a is called the thermal “diffusivity’’ of the material and 
is considered to be constant for any given solid material. 
The solution of Equation [1] may be found in applied mathe- 


matics and in heat-conduction texts such as Carslaw (5). The 
solution is 
sil) ee Ds ge (a8/wtyans __©OS Bn(z/w) 
Ue eel 6, ese 6, + cos 6, 
n=1 
where 6,, called “eigenwerte,” are roots of the equation 
OwWECOL TSI HHOse ee tee {4] 


The first five roots of Equation [4] are shown as a function of bw 
in Fig. 2. Note that since all are shown on the same ordinate 
scale, + must be added to the scaled value of &, 2m to 63, ete. 


TRANSACTIONS OF THE A.S.M.E. 


i aaa 


This arises from the fact that 6; varies from 0 to 7/2, 6: from 
a/2 to 37/2, etc. Tabular values of these roots may be found in ie 
Gréber and Erk (6) and in Jahnke and Emde (7). il NW 
OTS oF THE Equation: : 
eyes N ° ie 
—et 
bb | t 
| lu 
GROBE “DIE GRUNOGESETZE i e 
DER WARME\ RTRAGUNG™ > 
[ be] 
a) 
a ie # 
Sah, 
[ | 3 Ee 
a 
iE 
2 3 SHG 3 oy) Cundwgic 3 


Fic. 2 Vaturs or EIGENWERTE, 6 


In order to simplify the series notation of Equation [3], let it be 
written in the form 


_— ) XE Oe be St ne eee (5] 
n=1 
where 
Te soe (allay eT ee (6] 


6, esc 6, + Cos 6, 


The first three terms of the series, Xi, Xz, and X; are shown in 
Fig. 3. The term X; is insignificant for values of a0/w? greater 
than 0.05, and term X» is insignificant for values of ao /w? 
greater than 0.20. The sum of the first three terms of the series 
Equation [5], T,, is plotted in Figs. 4 through 8, for values of 
z/w = 0, 0.25, 0.50, 0.75, and 1, respectively. 

These charts represent the solution of Equation [3] to de- 
termine the temperature-time distribution at 5 planes in one half 
of the infinite flat plate. The computed values obtained by adding 
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a 
Fic. 6 TT, Versus a0/w? ror x = 0.50 Fie. 7 JT, Versus a0/w? ror x = 0.75 


Fic. 8 T, Versus a6/w? ror z = 1.0 
the first three terms of the series in Equation [5] are tabulated in 
Tables 1 to 5, inclusive. 


INFINITE RECTANGULAR Bar AND RECTANGULAR BLOCK 


The heat-conduction equation for the infinite rectangular bar 
represented in Fig. 9 is 


ot Ov, | OY a 
8 — Kes ox? dy? akepaVoyehalnariamehe stan sets 


By substituting in the partial differential equation, Equation [7], 
it may be shown that 


is its solution, where 7’, is the solution of 
ot/ 08 = a(d*t/ dx?) 
and 7, is the solution of 


dt/20 = a(d%t/ dy?) 


Fie. 9 QuArTER-Cross SecrTion or INFINITE RECTANGULAR Bar 


This is known as Newman’s rule (4). 
differential equation is 


Similarly, for a cube the 
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rer Ot +: Ot Ot 9) 
/ = er eee 
‘ Oa? oy? oZ? 
the solution of which is 
in CS (eee eee ges EO (10] 


where the 7’ functions are defined as in Equation [8]. 

The functions T,, T,, T, are given by Equations [3] and [5], 
and are plotted in Figs. 4 to 8, inclusive. In order to determine 
the solution 7’ for any point in a bar or a block, evaluate 7’, from 
Equation [5] (or from Figs. 4 to 8, inclusive) for each of the co- 
ordinate directions, thus obtaining 7',, T,, Tz. The product of 
these three is the solution as indicated in Equation [10]. For an 
infinite rectangular bar, only 7, and 7’, need be obtained. 

A set of curves has been constructed in Figs. 11 and 12 for the 
solution of Equation [8] at the inner points of the infinite rec- 
tangular bar shown in Fig. 10. Fig. 11 is fora square bar, and Fig. 
12, for a rectangular bar of side dimensions in the ratio of 2 to 1. 
In the case of a square bar, only 6 of the 9 positions indicated in 
Fig. 10 need be considered since there are three identical pairs of 
points because of symmetry. 


(.5,!) 


0.5) *(.5,-5) 


Fic, 10 QuarTER Cross Section or INFINITE RECTANGULAR BAR 
SHowING Points ror WHICH COMBINED SoLuTion Is PRESENTED 


It will be noticed that for positions along the z-axis, the curves 
for the rectangular bar, Fig. 12, lie approximately midway be- 
tween the curves for the square bar, Fig. 11, and the curves for 
the infinite flat plate, Figs. 4 to 8, inclusive. These curves are 
intended to indicate the range of possible values in rectangular-bar 
problems and to indicate a graphical method of procedure. 


ILLUSTRATIVE EXAMPLE 


Consider an infinite réctangular steel bar of dimensions w = 
0.125 ft and w = 0.250 ft. Determine the value of temperature 
ratio t/t, at the point z/w = 0.5, y/u = 0.5 at the time @ = 
0.0271 hr. For a steel bar, k = 25 Btu/(hr)(sq ft) (deg F/ft), p 
= 493 lb/cu ft, and c, = 0.11 Btu/(lb) (deg F); hence the ther- 
mal diffusivity is 


a = 25/(0.11 X 493) = 0.461 sq ft/hr 


If the film coefficient of heat transfer is 


h = 200 Btu/(hr) (sq ft) (deg F) 
then 
b = h/k = 200/25 = 8.0 ft7! 
and 
bw = 1.0, bu = 2.0, a6/w? = 0.8, a0/u? = 0.2 
From Fig. 6 or Table 3 for 


aé/w? = 0.8 and bw = 1.0, T, = 0.564 
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TABLE 1 VALUES OF Tz FOR x/w = 0 


69 /we f ly .6 1.4 
bw 
7) ‘OOF s=nlOOn .999 -988 -956 922 .888 856 82h -794 


5 Te ONOm aT OON -997 97h. -903 .830 -762 -700 62 .590 
1 1.016 1.001 994, 952 832 -719 -620 “55 461 398 
Baw. 13038 -998 982 89; | 268" 1.516. - - 388 292 220 166 
6 1.074 999 974 -855 -602 418 -290 -202 . 140 .0973 
10 1.078 .998 -968 829 -558 371 -2h6 164 .109 072 
20 1.090 -997 -960 -80), .518 2331 Reue 2135 -0857 .0558 
50 1.098 -996 954, -785 492 ~306 .192 .119 -0738 059 
oo 1.103 996 -9h9 -773 «475 ASO) NTH .108 .0660 .ohoh 


TABLE 2 VALUES OF Tz FOR z/w = 0.25 


22 VeOOOn 1.000 -998 98h, 952 916 884 -851 -819 -790 


5 -997 1.000 99, 96, 892 .819 752 -691 63 -582 
1 -995 1.000 .986 *§ .935 81 -702 -606 2523 -450 -389 
3 -976 99, 964 .861 -655 .493 371 -279 .210 2159 
6 .961 .992 96 812 -568 394 274 -191 -132 .0918 

10" -948 .989 ~935 -781 .523 348 6231 2154 -102 .0678 

20 -931 -986 -920 -752 -482 - 408 .197 126 .0798  .0520 

50 -920 -983 -910 -732 24456 28, Sie SiG) 067 O25 

ao -916 982 -900 AGINT 439 - 268 164 -100 .0611 -0373 


TABLE 3 VALUES OF Tz FOR z/w = 0.50 


ee BOSONS 9 i]. -989 -970 -935 -901 .868 .836 -805 -776 
od 998 §.9h -975 933 .856 - 786 ACE .663 .608 559 
1 -995 .986 -950 .880 157 654, 56, . {86 19 362 
a -980 .966 .888 =15T -566 427 el 22h) 182 ost 
6 -975  .9h6 82 .682 -470 326 .226 .158 -109 .0760 
10 -983 .932 .810 . 64,0 21 .280 . 186 eel 082% 05,7 
20 -995 .913 SNS -598 .378 22h 2155 .0990 .0628 .oh09 
50 OOM COS fd 512 2353 +220 .138 0854  .0530 .0330 
oo 1.020 .886 ss ~553 336 ~205 2125 0764 0467 .0314 


TABLE 4 VALUES OF Tz FOR z/w = 0.75 


ad/we 0 £05 mA 2 oh 6 8 1.0 (22 1.4 


ae 1.005, .98 -961 946 -909 874 82 BONE 781 07153 
5 1.015 .966 .930 .877 -799 -733 .673 .618 .567 £521 
1 1.026 933 .870 .784, .667 574 «495 28 368 318 
3 1.072 Bh -722 .585 430 323 62h .183 .138 .104 


a 55 ae me 


29/ we 0 05 a 22 ahi Wace euasye ee ea ont 


bw 
a2 987 .952 -933 -907 .870 .838 -806 -778 -7h8 Si 
5 .963 .886 8146 -792 .719 .659 .605 6556 -510 469 
1 ROOF eo -7e4 .655 255 - 470 405 349 -301 . 260 
4 -780  =.538 he 449 225k .191 213 .108 081 .0614 
6 TON 50 265 oy Bley” 20916  .0635 O40 = 60515 =~ 00219 
10 457 +232 Saluial -123 ROT SON 0525) MOS Suen OS5em es OND UN e002 
20 SCENE  Silalk -0881 60622. 40387 .0248 .0159  .0101 .0064, 002 
50 2116 ~=.050 .0363. +0252 »«=©.0152 ~=.009-—S «60059. '«. 0037S «0023s: «w 0014 


<= (0) 10) 0) ) ) 0) 0) 6) 0) 0) 
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SQUARE BAR 
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U=W 


00 02 04 06 8 hee ia (iW see C2 Os 9808 “Opec: m4 
Fra. 11 Compinep Soturtion 7, ror Pornts IN INTERIOR OF AN INFINITE SQUARE Bar; (u = w) 
RECTANGULAR BAR U =2W 
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Fie. 12 Compitnep Sotution 7, ror Points IN INTERIOR OF AN INFINITE RECTANGULAR Bar; (u = 2w) 
and for which were constructed from the values of T, in Tables 1 to 5, 


ao/u? = 0.2 and bu = 2.0, T,, = 0.80 (estimated by interpolation). 
Then 
T =T,:T, = 0.564 * 0.80 = 0.451 


This same result is obtained directly from curves for z/w = 0.5 
and y/u = 0.5 in Fig. 12. For a6/w? = 0.8 and bw = 1.0, the 
value of T is seen to be 0.45, which is a close check. 

CONCLUSIONS 


Solutions to two-place accuracy may be obtained by interpolat- 
ing in the curve sheets Figs. 4 to 8, inclusive, and Figs. 11 and 12, 


inclusive. 

More accurate solutions are obtained by solving Equation [3] 
directly. The first term of the series in Equation [3] is sufficient 
for three-place accuracy when a@/w? is greater than 0.3. The 
first two terms should be used for three-place accuracy when 
0.1 < aé/w? < 0.3. 
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Logographs 


By R. S. TOUR? 


A different type of chart? is presented for graphical so- 
lution of equations of the form T’U7V’W' = K.. The 
charts are called “‘logographs’’ as distinct from nomo- 
graphs and depend basically on the addition of loga- 
rithms. Logograph charts develop from the fact that a 
straight line drawn on semilog paper represents a func- 
tion of the form: log y = a + bx, or x = c + n log y. 
The construction of logographs is explained and exempli- 
fied in the development of a chart for the calculation 
of heat-transfer coefficients in turbulent flow. As ex- 
amples of more elaborate logographs, charts are also of- 
fered for the turbulent flow of fluids in pipes and for the 
flow of fluids through sharp-edged orifices. The equations 
underlying the last two charts represent new forms of the 
standard expressions and are briefly discussed and their 
limitations indicated. 


O those who have constructed or used alignment charts 
seine four or more variables, the attendant difficulties 

are evident. The reference or blank scales that become 
part of such nomographs, the length of the scales for wide ranges 
in the values of the variables, the obliqueness of the intersecting 
lines that must sometimes be used with resultant inaccuracy, 
serve to multiply the difficulties. The construction of such 
alignment, charts is also no simple matter since each of the lines 
requires a special scale laboriously laid out by hand. 

These difficulties are particularly evident in nomographs for 
evaluating heat-transfer expressions wherein the variables may 
number seven, eight, or more, covering ranges for some of per- 
haps 108. In addition to special scales for each variable there 
will also be “dummy” scales (or their equivalent) numbering 
three less than the number of variables. The progressive series 
of alignments that must be made between the scales, taken in 
proper order, may make the use of the nomograph so tedious and 
confusing as to neutralize its value for rapid computations. Hs- 
pecially is this the case if a solution is desired for one of the varia- 
bles other than that for which the nomograph was originally de- 
signed. 

A fundamentally different type of chart eliminating most of 
the objectionable features of nomographs is described in this paper. 
It is applicable in general to functions expressible in the form 


Bel OF ei SG eo Ge OS co COREE [la] 
plogT+qlogU+rlogV + slog W = log K...[1b] 
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tracings from originals made on standard 1l-in. X 17-in. three-cycle 
semilog paper. For convenience in size reduction and in printing, 
the tracings for this publication carry a minimum of co-ordinate 
lines. They are thus not satisfactory for computation purposes, but 
serve here merely to show the construction methods and use of logo- 
graph charts. If desired, the reader may transfer the lines shown to 
standard semi-log paper for more accurate computations. Full-size 
(11-in. X 17-in.) lithoprinted copies of the original charts are in use 
at the University of Cincinnati, and a limited numbér of these litho- 
prints will be available for distribution on request. 
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The T, U, V, W terms represent variables, with p, q, 7, s as con- 
stant exponents which may be either positive or negative, inte- 
gers or fractions. The K is a constant, dependent on the func- 
tion and on the dimensions ascribed to the individual variables. 
Expressions such as Equation [la] arise frequently in engineering 
design and practice, especially in the fields of heat transfer and 
fluid flow. They lend themselves neatly to a graphical solution 
based on the addition of logarithms. 

The principle involved in the computation charts offered here 
is based on the fact that the equation of any straight line drawn 
on semilog co-ordinate paper is of the form 


log y =a + bx 
or 
z=c+nlogy 


The location of the line determines the constants c (or a) and 
the slope of the line defines n (or 6). If each of the variables in 
Equation [1b] be plotted as a straight line on semilog paper with 
the ¢ and n properly chosen, the linear (7) co-ordinates for any 
true set of values of the variables may be numerically added to 
accord with Equation [1b]. It is to be noted that a numerical 
addition is here substituted for the progressive series of graphical 
alignments used in nomographs. The process of addition is the 
quicker for such functions and is not subject to the manipulative 
errors of a series of alignments. But the chart used in this way 
is obviously not an alignment chart (i.e., nomograph); it is here 
descriptively titled a “logograph.” 


Locoarapa For Heat TRANSFER IN TURBULENT F'Low 


Recently a nomograph was published (1)% for the Dittus- 
Boelter equation for determining heat-transfer film coefficients with 
turbulent flow in smooth pipes. The equation used to determine 
these coefficients is of the Nusselt type and is generally given in 
any consistent units as 


k { Dup\"" ( zc\"* 
h = 0.0243 ae) @ AU) eae [2a] 


This may be rewritten in an alternative form to eliminate frac- 
tional exponents 


C?k8p4u4 
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In the usual mixed engineering units (specified) this becomes 


C2k8p4ut 
DZ*h* 


= specific heat, Btu/(Ib) (deg F) 

= thermal conductivity, Btu/(sq ft) (hr) (deg F/ft) 
= density, pef 

= linear fluid velocity, fps 

pipe diameter, in. 

viscosity, poises 

heat-transfer coefficient, Btu/(sq ft) (hr) (deg F) 


rio ewe cdl ee obaadouno dade [2c] 
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This equation with its seven variables, six independent, is an ex- 
ample of an expression for which a nomograph is not entirely 
satisfactory. 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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A logograph for making computations from Equation [2c] is 
shown in Fig. 1. The illustrative example given on the chart 
shows the general method of using logographs. It is the same 
example used by Ryant (1) for his alignment chart, wherein it is 
desired to find the heat-transfer coefficient (h) for hot water flow- 
ing at a velocity (wu) of 8 fps through 1-in-diameter (D) tubes, the 
specific heat (C), conductivity (k), density (p), and viscosity (Z) 
of the water being specified. Each of the known variables is in 
turn located on the logarithmic scale (ordinates) and from the 
appropriate line for that variable, a reading R (abscissa) is de- 
termined. The six R’s are numerically added and the sum sub- 
tracted from the chart constant A. The result is the R (abscissa) 
for the remaining variable, in this case the heat-transfer coef- 
ficient (h), which is then determined from its line on the chart. 
Six R’s are read, an addition and subtraction made, and the un- 
known variable (which can be any one of the seven) is determined. 


CoNSTRUCTION OF LOGOGRAPHS 


To construct a logograph for some specified function, it is first 
necessary to rewrite the function in the form of Equation [la]. 
Having done this, the following procedure is suggested: 

1 Choose semilog paper with N logarithmic cycles to cover 
some selected range in the magnitude of the variables. This 
choice is flexible since the range for any variable can be increased 
from 10% to 107% to 10°” by the addition of successive constants 
to the reading for that variable (see Fig. 1). In general, three- 
cycle semilog paper is quite satisfactory. 

2 Select dimensions of suitable magnitude for each of the 
variables in Equation [1] so that the same logarithmic scale 
may serve for all variables. This avoids confusion in the use of 
the scales. Then modify the value of the constant K in original 
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Equation [la] to agree with the dimensions which are selected. 
3 Transform the modified Equation [la] into the logarithmic 
form of Equation [16] 


(p log T) + (qlog U) + (r log V) + (slog W) = log K.. [3] 


Although as written here the signs are positive, it should be re- 
membered that some of the exponents (p, g, 7, s) may be inher- 
ently negative. In the general case, a negative sign can be ap- 
plied throughout in Equation [3]. The use of the + or — is a 
matter of convenience; a negative sign throughout leads to a 
logograph which is a mirror image of that with a positive sign. 

4 A scale factor or modulus M for the linear co-ordinates 
(abcissas) is selected so that the linear divisions will cover some 
desirable range in the value of the logarithms of the variables. 
The factor M is used as a multiplier in Equation [3]. 


(Mp log T) + (Mq log U) + (Mr log V) +-(Ms log W) 


The modulus M may be positive or negative and its magnitude 
is a matter of judgment. Its value controls the slope of all the 
lines and the relative accuracy of the readings of ordinates versus 
abscissas. The size of M is limited by the ranges to be covered 
by the various lines on the chart. : 

5 Added convenience in using the chart is obtained if all the 
linear co-ordinates (abscissas) are positive. Accordingly, add 
some specific positive constant of sufficient magnitude (e, f, g, h) 
to each of the variable terms of Equation [4] 


(e+ Mp log T) + (f + Mqlog UV) + (g + Mrlog V) + 
(A+ MslogW) =e+f+g+h+ (M log K) =A...[5] 
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A wide choice exists for these addition constants. Their values 
control the relative locations of the lines on the chart. The con- 
stants should be selected so that the lines cross each other as 
seldom as possible and then not at too small an angle. The sum 
total A of the constants in Equation [5] should be some round 
number easily kept in mind, e.g., 150 (as in Fig. 1), and the value 
of A must be specified on the chart. 

6 Each of the separated terms in parentheses in Equation [5] 
may now be plotted against the linear scale R, each plot resulting 
in a straight line on the semilog paper, all represented by the 
generalized expression 


Rk, = C + Mn log Y 


Here R, refers to the abscissa readings for any one of the variables 
(T, U, V, or W) represented by Y, with n indicating its power 
(p, 4, 7, or s), and C the corresponding addition constant (e, f, g, 
or h). The lines for R, may be located on the chart as follows: 
If the logarithmic scale ranges from 10° at the bottom to 10‘ at 
the top, then the intercepts at the bottom and top of the logo- 
graph for each of the variables Y are, respectively 


Rk, = C + (Mn)b (at bottom) 
= C + (Mn)t (at top) 


A line joining the bottom and top intercepts for each variable 
completes the chart. 

7 If it is desired to increase the size of the units (or dimen- 
sions) of any one of the variables by a factor k, it is only necessary 
to add to reading R for that variable a quantity +Mn log k. 
For example, a quantity expressed in inches on the chart may be 
read as feet by adding +Mn log 12 = +1.079Mn to the R, ob- 
tained. Conversely, feet may be read as inches if the addition 
is + Mn log (3/12) = —1.079 Mn. Thesigns of M and 7 must not 
be neglected. A similar device may be used to change the range 
for any of the variables, which is equivalent to changing the size 
of the units for that variable by some power of 10. 

8 Some expressions for which a logograph is desired may 
have one or more variables stated as a function of some more 
specific variable, e.g., Y = F(y). Insuch cases the logograph is 
first designed for Y as described, but the straight line is replaced 
by a curve, the points for which are calculated so that a reading 
of y on the logarithmic scale calls for an R, as determined by Y 
= F(y), i.e., R, = M log F(y). 

Construction of Fig. 1. The foregoing directions, as applied 
specifically to the construction of the logograph in Fig. 1, may 
serve to clarify the procedure. The function for which the chart 
is to be designed has been given and the units specified under 
Equation [2c] as follows 


C2k3p4u4 


7 [6] 


The working range desired for each of the variables is 


10! to 10! = (10=! to 10%) 

10-* to 10° = (107 to 102) % (10-2) 

10-4 to 102 = (107! to 102) X (10-8) and (107? to 102) 

10> to 102 = (1052 to 10?) 

: 107! to 102 = (107! to 102) 

10-5 to 10! = (107! to 102) X (104) and (107! to 10”) X 

(107?) 

h: 10-1 to 10° = (1071 to 102) and (107! to 10?) X (10%) 
Three-cycle (V = 8) semilog paper is suitable for these ranges, 

with double ranges required for p, Z, and h. For the log scale it 

seems best to take b = —1,t = 2,N =t—b=3. To use the 

same ordinate readings (log scale) for all the variables it is neces- 

sary to express k as 100 times the conductivity (standard units) 
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and Z as 10 times the viscosity (in poises), i.e., viscosity in deci- 
poises. Further modifying Equation [6] to allow for this change 
in the units of k and Z 


C2k3p4us . 
Dz 7 SHOT ue ahusat Penge ory. [7] 


Expressing Equation [7] in logarithmic form and applying a 
modulus M = —1.5 

—3 log C — 4.5 log k — 6 log p — 6 log u 

+1.5 log D + 3 log Z + 7.5 log h = —2.30 

To hold the number of intersections of the lines of the logograph 


to a minimum (see Fig. 1), the following addition constants have 
been chosen 


Varia- 
ble Term Bottom intercept Top intercept 
CG 22.5 — 3 log C 22.5 + 3.0 = 25.5 22.5 — 6.0 = 16.5 
k 210—45logk 21.0+4.5 = 25. 21.0 — 9.0 = 12.0 
p 19.5 — 6 log p 19.5 + 6.0 = 25.5 19.5—12.0'= 7.5 
U 19.5 — 6 log u 19.5 + 6.0 = 25.5 19.5—12.0= 7.5 
D 27.00+1.5log D 27.0—1.5 = 25.5 27.0°+ 3.0 = 30.0 
Z 28.5 + 3 log Z 28.5 — 3.0 = 25.5 28.5 + 6.0 = 34.5 
h 143+ 7.5logh 143—75 = 68 14.3 +4 15.0 = 29.3 
Add 152.3 Chart constant, A, = 152.3 — 2.3 = 150 


It remains only to construct the logograph and indicate the 
units applicable to each line (see Fig. 1). The reason for choos- 
‘ing the apparently haphazard constants, such as 22.5, 21.0, etce., 
is that crossing of lines has been largely avoided with six of the 
lines having a common bottom intercept at 25.5. The sum, A, 
of the constants is 150; hence to evaluate any one variable in 
Equation [7] in terms of the other six 


Ri = 150 — (Re + Rs + BR + Rs + Re + R,) 


The extended (doubled) scales with the range increased by 103 
in each case for p, Z, and h are calculated by adding +Mn log 
103 = —1.5 X 3n = —4.5n for enlarging the unit 10% times and 
adding +4.5n for reducing the unit 10% times. Applying the ap- 
propriate values of n 


For p: add +4.5 X (+4) = +18 (smaller unit, factor = 1078) 


For Z: add +4.4 X (—2) = —9 (smaller unit, factor = (1078) 
For h: add—4.5 X (—5) = +22.5 (larger unit, factor = 10%) 


An example illustrating how the lines on a logograph may be 
moved relative to each other by changing the addition constants 
is shown in Fig. 2, a logograph for the same Equation [2c]. Here, 
b = —1 and t = 2 both as before, M = —2, and the sum of the 
constants, A, totals 100. The distribution of the constants is 
such as to give a chart entirely different in appearance and prob- 
ably less desirable than that in Fig. 1. 


APPLICATION OF LOGOGRAPHS 


Graphical solutions become desirable for application in engi- 
neering design in so far as they simultaneously offer the qualities 
of simplicity, speed, and accuracy. Charts should be versatile 
in the matter of range of the variables included and if possible in 
the units in which those variables are measured, and-they should 
visually reveal the comparative effects of changes in magnitude 
of the individual variables. They should require a minimum of 
instruments or special facilities for their use. Some of these 
criteria of good charts may be incompatible and must therefore 
be foregone in special applications. Thus there are conditions 
under which the standard nomograph is most desirable, others 
for which the logograph is definitely called for, and still others 
where specialized diagrams are particularly suited. 

The simplicity of the logograph chart for functions of the form 
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mPa 


10xViscosity = 


Tronsfer Coefficient = 


Viscosity in Polses 
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in Btu Jirxsq ftxF 


For 10% Viscosity 


Add -l2 to R 
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of Equation [la] is evident. Practically unlimited ranges (10° 
in Fig. 1) are possible for any of the variables, a change in the 
units for any one of the quantities may be obtained simply by the 
addition of a constant, and uniform accuracy is available for all 
the variables in any combination of ranges. The order in which 
the readings for the variables are taken from the chart is of no 
importance, and any one of the variables may be the unknown. 
In constructing the ordinary logograph, the plot for each variable 
is a straight line and no special scales need be drawn on or ap- 
plied to any of the lines. 

Various departures from the construction and use of logograph 
charts as here described may be found desirable or necessary in 
special applications. For example, instead of using logarithmic 
sealed paper, the lines of the chart may have their scales plotted 
directly on them. The location of the lines may become unim- 
portant if they are considered merely as logarithmic vectors, with 
lengths taken off each of the lines from some point of reference, 
the various lengths then being added vectorially. Such a pro- 
cedure may be accomplished wholly graphically by using a pair 
of triangles to lay off vectors parallel to those specified on the 
chart, and transposing the proper lengths with a pair of dividers. 
This method of addition is practical only when not too many vec- 
tors are to be so added and when the ranges for the individual vec- 
tors are comparatively small. It may be used to accomplish 
results not possible by numerical addition, e.g., in the Eiffel 
diagrams for airplane-propeller design (2). Eiffel charts have 
their scaled vectors so sloped that the addition of abscissa com- 
ponents develops one function of the variables while the ordinate 
addition determines another, the interrelation of the two functions 
being defined by some charted line intersected by the graphical 
vectorial addition. 
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Special purpose diagrams notwithstanding, numerical addition 
logographs plotted on semilog paper, as here described, will best 
serve for repetitive computations of functions of the form of 
T?U'V'’W* = K, which so often arise in engineering design. 
Logographs cannot, however, replace nomographs where the equa- 
tion to be solved involves an addition operation as well as a 
multiplication. : 

Two more logograph charts are offered in this paper not only 
as examples of somewhat more complicated logograph construc- 
tion with appropriate explanation, but also for their intrinsic 
value in the calculation of industrial problems. For each of the 
two subsequent logographs, “turbulent flow of fluids in pipes,” 
Fig. 3, and “fluid flow through orifices,” Fig. 4, the basic equa- 
tions are given and their source or development explained. 


TURBULENT FLOW IN PIPES 


Although Equation [2] involves seven variables, it represents 
in form a simple type of logograph. One involving a curve de- 
velops from Fanning’s equation for turbulent flow of fluids in 
pipes. Before presenting the logograph, a brief explanation is 


» given of the underlying equation since it has not appeared in the 


literature in the form used here. 

The variables involved in turbulent flow in pipes with units 
modified where necessary to suit the range of a three-cycle 
logograph are as follows: 


Q = mass flow rate, M lb per min 
P,, P; = initial and fmal pressures, psia 
p = density of the fluid, pef 
D = diameter of pipe, in. 
f = friction coefficient ~ 0.00759(DZ/Q)°:? 


I 
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L = length of pipe, ft in units of 100 
p = pressure drop, psi 
p/L = pressure gradient in the pipe line, psi/Cft 
r = pressure drop ratio = 10p/P: 


Z = viscosity of the fluid, decipoises 

= Reynolds number = 37,900 Q/DZ 

In the foregoing units, assuming isothermal expansion and 
neglecting a logarithmic term which arises, Fanning’s equation 
for turbulent flow leads to 


(Crieaeniea?) pe 
= 3. ee ee 
Q = 3.215 X 10 4 aa 


= 
| 


This may be expressed by 


{Q?(L _,) For all liquid flow or for 
a Cy ail 2.067 X 10774 gases with small p/L - 


fQ? ( L 20005 Vee _, J for gas flow t 
aD>\P,/\20r—r2) 2.067 X 10779 with large p/L 


The coefficient of friction f is now expressed according to 1/f = 
16(N)°-2 = 131.8 (Q/DZ)°-2. The use of a constant exponent on 
N in any expression for f is not acceptable for smooth pipe or for 
pipe with specified roughness, but is nevertheless supported ex- 
perimentally for industrial piping with its relative roughness de- 
creasing (though its absolute roughness increases) for the larger 
pipe diameters. Inserting this expression for 1/f leads to 


QZ (By oe 10} for all liquid flow or ae [8a] 
P 


p®D24 gases with small p/L 
D4 Hb NOE Sih NG Mp s flow with 


Equations [8] are quite satisfactory for industrial piping up to 
Reynolds numbers of several million and offer an accuracy within 
a few per cent for Q. Greater precision is not required in ordi- 
nary practice since corrections for variations in original roughness 
of the pipe, for the effect of sealing or corrosion, and for the equiva- 
lent length of installed fittings are at best but approximate. 

It must be remembered that Fanning’s equation is in itself 
inaccurate in that it assumes isothermal gas expansion and also 
omits a logarithmic term. The equation may show considerable 
error for gas flow with large proportionate pressure drops and 
small frictional resistance. The inaccuracy increases nearly 
directly with pD/fLP,, where P,, is the logarithmic mean of P, 
and P:; it becomes objectionable (depending on the accuracy 
desired) when the pressure gradient p/Z exceeds some 100 times 
{Pm/D for gases, the error in Q then being 2 per cent (with units 
for p, L, P, D as previously specified). Fortunately this situa- 
tion seldom arises in industrial practice. 

A logograph for Equations [8] (a or 6) is given in Fig. 3. The 
[8a] portion of the equation is a simple logograph covering five 
variables. The [8b] portion, used when greater accuracy is de- 
sired for gases and vapors that expand appreciably during the 
flow, substitutes P; for p in p/L with p taken as p; (compare 
Equation [8a] with [8b]) and adds a curve for the function of 
r(=10p/P;). This chart illustrates the use of a curved line. 

An innovation, included in Fig. 3, further indicates the versa- 
tility of the logograph: R for p of the gas can be determined 
graphically from its molecular weight, pressure, and temperature 
if the gas is considered to be ideal. This auxiliary use of any 
straight line of a logograph is a direct consequence of the fact 
that for each variable, the line on the chart reads a value of 
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R, = C+ Mnlog Y. The line can thus be used as a slide rule 
for calculation by logarithms. 

Some sample computations from Fig. 3 may not be amiss. 
Air, for which the viscosity is 180 & 107° poises, is to be trans- 
mitted through a 10-in-diam flue at nearly atmospheric condi- 
tions (60 F, 30 in. Hg) with p = 77 lb per 1000 cu ft. Fora 
flow of 150 lb per min (1950 cfm), the pressure gradient is de- 
sired. The solution for this problem is outlined in Fig. 3 and 
need not be repeated here. The p/Z in this case is small and no 
consideration need be given to the expansion (r = 10p/P:) during 
the flow. 

Another example will show the use of 7. Here high-pressure 
air (60 F, P: = 100 psia) is being delivered through a 2-in. pipe 
at a rate of 150 lb per min. The pressure gradient is desired. 
The solution is shown both neglecting r and including r._ If de- 
sired, the p:(=0.524 pef) can be obtained from the chart with 
Rp = 10.07 + 21.34 + 20.0 — 25.71 = 25.70. ; 


Neglecting r Including r 


ai a R= 28.13—1.5 28,13 elms 
pr = 0.524 pef 25.70 25.70 
Pipe diameter = 2 in. 11.89 11.89 
Rate = 0.15 M lb per min 4.20 4.20 
P,/L = 100 (for 100 ft pipe) 20.0 
68.42 88 . 42 
Find p/L 
for R = 90 — 68.42 = 21.58 
p/L without r cor- 
rection = 23.3 psi/Cft 
Find r = 10p/P, 
for R = 90 — 88.42 = 1.58 
r = 2.70 or p/L 
corrected = 27.0 psi/Cft 


Fiur Frow THRouGH ORIFICES 


An example of a more elaborate logograph is shown in Fig. 4. 
Again the equation applying is first discussed since it has not been 
given previously. The basic equation for the flow of fluids 
through a standard sharp-edged thin-plate orifice is given in hy- 
draulie form by 


Q S231 DUGYAN/ pip ek ee ee [9] 
where 


Q = mass discharge rate, lb per min 
D = diameter of orifice, in. 
K = orifice coefficient (approach factor included) 
Y = expansion factor for the gas 
p: = entrance density, pef 
p = pressure drop, psi 
P,, P: = initial and final pressures, psia 
8B = diameter ratio; orifice/approach 
r = pressure ratio: P,/P: > 1.0 
k = specific-heat ratio 


A series of experiments conducted by the U. 8. Bureau of 
Standards (3) has determined KY in the hydraulic form of flow, 
Equation [9], for 8 up to 0.6, and for expansion ratios r from 1.0 
to critical r, (r, corresponds to sonic velocities in the fluid stream). 
The experimental data are very well correlated (to 1 per cent) by 
KY = (0.6 + 0.484)r—1/8* for flange-tap or throat-tap pressure 
readings. This expression is sufficiently accurate for the pur- 
poses of this paper and will serve for liquids by taking k = ©. _ 

More recent and elaborate experimentation (4) has indicated 
that the coefficient is also a function of the actual pipe diameter 
and of Reynolds number, but this refinement is unnecessary here. 


TOUR—LOGOGRAPHS 


The simple expression for KY is substituted in Equation [9] for 
flows at pressure drops below critical r,. For flows with drop 
greater than indicated by r,, the effective r equals.r,, the KY for 
the orifice becomes constant, and the effective pressure drop p is 
Pi, — 1)/7... Thus 


Qri/sk 
(0.6 + 0.484) D2(p,p)'”? 


= 31.5 (for gases with r < r,)..... 


Take k = © andr, = © in Equation [10a] a Hee 


all values of r 


e ee {for gases with } 


Qr,i/s# ( re 
(0.6 + 0.48) D%(,P:)'* \r, — 1 lr>r, j 


The development of the logograph for Equation [10a] gives 
the usual straight lines for Q, D, p1, and p. A curve is calculated 
for the term (0.6 + 0.48) up to 8 = 2/3; measurements are un- 
dependable beyond that value. 

The principal limitation of the logograph arises in plotting the 
term r'/**, As in nomographs, functions with mixed variables 
cannot be represented except by a family of scales or lines. In 
Fig. 4 lines for r (up to r,) are given, respectively, fork = © 
(all liquids), and for k = 1.7, 1.4, 1.1, allowing for interpolation 
of k between these values. It is evident from the chart that the 
effect of the value of k for gases is small and a rough interpola- 
tion is satisfactory. No addition constant is included in the 
logarithm of the r function, hence for liquids with k = o, the R, 
is zero, i.e., r and k are both neglected in using the chart for 
liquids. 

The logograph for Equation [106] is the same as for [10a] ex- 
cept that p is replaced by P; and the function of r, becomes a 
constant depending only on k for the particular gas involved. 


It can be shown that 
k 
ee ate eer 
4 2 


Although calculations for the logograph may be made directly 
from the foregoing expression for r,, simpler empirical relations 
are suggested for extended calculations as follows 


r, ~ 0.61k + 1.037 (to 0.1 per cent) 


1/ 
; | 2.34 
ro/sk ( ue :) =~ 4/117 + a (to 0.1 per cent) 
ars uy 


In using Equation [10b] or the chart for gas flow with r far into 
the supercritical range, it must be remembered that the orifice 
calibration has not been experimentally determined in that region. 
The assumption that KY is constant for r > r, seems logical but 
may lead to some inaccuracy if carried too far. Orifices should 
not be used under conditions where r is much larger than r,. 

The logographs for Equation [10a] and [10b] may be combined 
into one if proper directions are given for its use. In this way 
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Fig. 4 covers fluid flow through orifices for all cases and condi- 
tions: Liquids or gases for their complete range from r = 1.0 to 
r =r,,andforr > r,. 

No example appears in Fig. 4, but two are given as follows: 
The simplest case is for liquid flow where r(= P,/P:) is not in- 
volved. A sharp-edged orifice of 1 in. diam is being used in a 
2-in. pipe line (8 = 0.5) with water (p = 62.4 pef). The pressure 
drop (p) is 10in. Hg. Find rate of discharge (Q). 


: D = Vin. R = 15.00 
Orifice { 8 =05 0.29 
Water: p = 62.4pef 19.41 
Drop: p = 10in. Hg 22.50 + 1.16 
58.36 
Find Q for R = 90 — 58.36 = 31.64 
Q = 360 |b per min for R = 9.14 + 22.50 © 


Using the same orifice as before for air (k = 1.4) with P; = 
100 psia at 60 F (9; = 0.524 pef) and P, = 80 psia in Case 1 (for 
r <r.) or Py < 53 psia in Case 2 (for r > r,), find the rate of dis- 
charge (Q). 


[eee a5 a i 
: 19 = ihn Ro 15.00 15.00 
Orifice { 8 = 0.5 0.29 0.29 
Air: pi = 0.524 pef 27.30 27.30 
p = 20 psi 21.37 
r = P\/Pz = 1,25 0.17 
P, = 100 psia 18.75 
r>r,fork = 1.4 1.70 
64.13 63.04 
Find Q for R = 90 — 64.13 = 25.87 
Q for P; at 80 psia = 60.6 Ib per 
min 
Find Q for R = 90 — 63.04 = 26.96 
Q for P2 < 53 psia = 84.7 lb per 
min 
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(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 
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Some Effects of Work Positioning 
When Face-Milling Steel 


By FRED W. LUCHT,! DETROIT, MICH. 


All of the work that has been done and all of the observa- 
tions which have been made to date on the subject of face- 
milling steel with carbide cutters have indicated clearly 
that the longest cutter life is obtained when (1) the cutters 
have double negative rake angles, and (2) the full depth of 
cut is taken along some definite corner angle. Until re- 
cently, not much thought had been given to the position- 
ing of the work in relation to the cutter, and only in limited 
cases has any consideration been given to the fact that 
the radial engagement angle between the face of the tooth 
and the edge of the work where the cutting edge enters it 
should be negative. Milling operations are frequently 
found where the diameter of the face mill is too small to 
permit the proper positioning of the work to a setting 
which gives longest cutter life. Under such a condition, 
there seems to be no definite means available which will 
assist in determining the diameter of a face mill capable 
of producing the maximum number of pieces per grind. 
This problem of determining optimum cutter diameter 
for a given face-milling job, and the proper positioning of 
the workpiece in relation to the cutter, led to a series of 
studies, the results of which are reported in this paper. 


INTRODUCTION 


LL of the work that has been done and all of the observa- 
tions which have been made to date on the subject of 
face-milling steel with carbide cutters have indicated 

clearly that the longest cutter life is obtained when (1) the cutters 
have double negative rake angles, and (2) the full depth of cut is 
taken along some definite corner angle. 
. There are certain operating conditions in every milling-machine 
setup which should at all times be maintained as nearly ideal as 
possible. These objectives are design, manufacture, and sharp- 
ening of the cutter; power capacity, feed and speed of the ma- 
chine; and a flywheel to smooth out the roughness obtained from 
the necessarily coarser-tooth cutters removing stock at increased 
table travel. But even after all this has been done, the cutter 
performance and the number of pieces obtained per cutter grind 
still will show noticeable variations as the work position is shifted 
at right angles to the direction of feed of the work past the cutter. 
Until recently, not much thought had been given to the posi- 
tioning of the work in relation to the cutter, and only in limited 
cases has any consideration been given to the fact that the radial 
engagement angle D, Fig. 1, between the face of the tooth and 
the edge of the work where the cutting edge enters it, should 
benegative. Itisinteresting to note that when this angle has been 
negative, the number of pieces per grind has at least been more 
consistent than when no attention at all was paid to it, even 
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though the cutter may not have produced its maximum number 
of workpieces per grind. 

It has also been found that a face-milling cutter usually gives 
a smooth cutting action together with the maximum number of 
pieces per grind when the workpiece is positioned about as shown 
at B. Position C generally rates second as to the number of 
pieces per grind, with quite consistent results. Position A rates 
third, with somewhat erratic results. This difference in results 
has been noticed for years while observing the face-milling of . 
steel with high-speed steel cutters, but it has become more pro- 
nounced when milling steel with carbides. 

Milling operations are frequently found where the diameter of 
the face mill is too small to permit the proper positioning of the 
work to a setting which gives longest cutter life. Under such a 
condition, there seems to be no definite means available which 
will assist in determining the diameter of a face mill capable of 
producing the maximum number of pieces per grind. 

This problem of determining optimum cutter diameter for a 
given face-milling job, and the proper positioning of the work- 
piece in relation to the cutter, resulted in the investigation to be 
discussed. 

Deraits or Test PROocEDURE 


Milling Machine. A No. 5-HM vertical milling machine in 
the engineering department of the author’s company was used. 


Power available: 


iIMainaspindle; hpi suscac.- oerawcrs es 20 

Feed and rapid traverse, hp.........-.- 5 
Wattmeter: 

Miaimuspimdlen kv aatene: els scanu eal earl: 30 

Feed and rapid traverse, kw.........-.- 12 


Face-Milling Cutter. An 8-in-diam single-tooth face-milling 
cutter, enshrouded with an 18-in-diam X 4-in-thick steel fly- 
wheel, was used, Fig. 2. The tool-bit slot is parallel to the axis 
and the tool bits are clamped in place by setscrews. The com- 
bined weight of the cutter head flywheel tool unit was 255 lb. 

Tool Bit. A total of twelve tool bits, as shown in Fig. 3, was 
used for this test. These tools were tipped with Carboloy Grade 
78B, a general steel-milling grade. 
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Both carbide and steel on all tools were rough-ground on a 
single-point tool grinder using a 60-grit silicon-carbide wheel. A 
220-grit resinoid-bond diamond wheel was used for the final sharp- 
ening of the carbide only. 

The cutting edges on all tools were inspected at 20 magnifica- 


tions. Each edge along the corner angle and the chamfer was 
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Fig. 3 


brushed lightly with a 320-grit silicon-carbide stone at an angle 
of about 45 deg to the face of the tool. This hand-honing re- 
moved any slight irregularities before the tool was assembled in 
the cutter head. 

Positioning Tool in Cutter Head. Fig. 4 shows the method 
used to position the tool bit accurately in the tool-bit slot in the 
cutter head. Two sets of shims were required; one set, 0.100 to 
0.200 in. thick, was used to maintain the 4-in. radius which gave 
the 8-in. cutting diameter; the second set, 0.180 to 0.310in. thick, 
was used to maintain the 10-deg negative radial rake. This 
arrangement eliminated holding the corner location on the tool 
to close limits and facilitated correction for the stock which was 
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ground from the face of the tooth, the corner angle (side cutting- 
edge angle on the tool), and the face of the cutter (end cut- 
ting-edge angle on the tool) every time the tool bit was sharpened. 

Work. For all face-milling runs, S.A.E.-1045 forged-steel billets 
were used. These billets were 11/2 X 3 X 12 in. in size. They 
were heat-treated and drawn to a Brinell hardness of 190 to 200. 

Machine Setup. Fig. 5 shows the machine setup that was used 
while making all milling runs. In this setup the steel billet, or 
workpiece, was held rigidly in a plain vise in relation to the cutter, 
as shown. 

Speed. The 8-in. face mill was operated at 238 rpm (498 sfpm) 
because previous runs had indicated that this speed gave the 
longest cutter life when milling S.A.E. 1045 steel having a Brinell 
hardness of 190 to 200. 

Feed. The following feeds were used to permit exploration of 
a wide range of face-milling activity: 


Table travel, ipm Feed per tooth, in. 


2 0.0084 
21/» 0.0105 
3 : 0.0126 
31/2 0.0147 


Depth of Cut. A depth of cut of 0.150 in. was taken on all 
runs. This is an average depth of cut which shows wear similar 
to that caused by deeper cuts, yet which does not involve the 
machining of excessive amounts of steel as would the deeper 
cuts. 

Operating Detail and Observations. In order to determine the 
effect of work positioning in relation to the face mill while all 
other conditions were kept constant, as has been outlined, the 
following runs were made with the work: 


1 Shifted horizontally. 
2 Shifted in a direction perpendicular to the table travel. 
3 Shifted to each one of the positions listed in Table 1. . 


The ‘‘angular position #’’ represents the position where the cut- 
ting edge on the 8-in-diam tool first contacts the work. 

The dimension /’ gives the distance from the point at which 
the cutting edge on the 8-in-diam tool first contacts the work, to 
the 8 in. diam measured perpendicularly to the direction of feed. 
During the milling runs, the work was shifted through a series 
of positions as listed from one extreme position where # equaled 
10 deg and F was 0.061, to the other extreme position where # 
equaled 127 deg 33 min and F was 6.437. At each of these two 
extreme positions, the outside diameter of the face mill overlapped 
the workpiece !/1¢ in. 

Each tool was run until the cutting edge showed the first sign 
of breakout. This was detected either from the marking on the 
inner side of the chip which came from the cut; from the lines 
left on the work surface by the corner angle; or from the change 
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WORK POSITION 


ANGULAR DISTANCE 
POSITION E F 


(Degrees) (Inches) 


10 061 
20 241 
30 536 
35 723 
40 936 
45 1.169 
50 1.429 
si 1.706 


60 2.000 
65 2.310 
70 2.632 
75 2.965 
800 3.305 
90 4,000 
95 4.349 


100 
105 
110 
120 
127°-33’ 


4.695 
5.035 
5.368 
6.000 
6.437 


Fig. 5 Currpr Setup anp TaBLeE SHOWING WorK Positions UsEepD 


TABLE 1 DIMENSIONS USED FOR BOSTON WORK IN 
RELATION TO FACE MILL 

Angular Distance eae Distance 

position £E, F, position ZH, sa 
deg in. deg in. 
10 0.061 70 2.632 
20 0.241 75 2.965 
30 0.536 80 3.305 
35 0.723 90 4.000 
40 0.936 95 4,349 
45 1.169 100 4.695 
50 1.429 105 5.035 
55 1.706 110 5.368 
60 2.000 120 6.000 
65 2.310 127-332 6.437 


@ Reported in deg-min. 


in sound made by the milling operation. The distance traveled 
by the cutter, and the power readings, were recorded for analysis. 

The cutting edge was inspected under a 20-power microscope 
and a record made in the form of an enlarged (to scale) freehand 
sketch showing the development of’ the cutting edge along the 
corner angle, the chamfer, and the face of the cutter. This sketch 
showed the width of the wear land behind the cutting edge along 
each of these three edges. It also showed the distance the cut- 
ting edge had worn back from the original corner-angle outline, 
and the width of the crater on the face of the tooth behind the 
cutting edge. All unusual signs of breakdown of the cutting 
edge were recorded on this sketch to serve as an aid in determining 
why the tool failed. 

Using the twenty different work positions and the four different 
feed rates, a total of 190 runs was distributed as evenly as pos- 
sible over the 12 tools. This gave 16 runs for each of 10 tools and 
15 runs for each of the remaining two tools. 

An average of the distances traveled up until the time of tool 
failure was plotted, Fig. 6, with its work position for each feed 
used. An average of all the runs made, irrespective of the 
feeds used for each work position, was also plotted. 


The runs were made first at 2 ipm feed, i.e., 0.0084 in. feed per 
tooth. It was soon found that the various points arranged 
themselves in an irregular outline and also that the length of runs 
seemed to be somewhat erratic. Later, many additional runs 
were made at 0.0105, 0.0126, and 0.0147 in. feed per tooth, and it 
was found that not only did each set of runs follow the same 
general pattern but also that the lengths of runs were much more 
consistent than were those for the 0.0084-in. feed per tooth. 

Analysis of How Tooth Contact Affects Cutter Life. To assist 
in determining why all the curves followed a definite general 
pattern, an enlarged wooden model, as shown in Fig. 7, was 
made of the cutter-work setup. 

The model is shown in outline in Fig. 8 and is 10 times actual 
size. The base of the model is divided into angular spacing 
about a pivot point C. The block D, representing an exact 10- 
times enlargement of the cutting portion of the tool, is mounted 
on the end of the arm so that the intersection of the 15-deg 
corner angle and the 5-deg concavity angle is at a 40-in. radius, 

Ten work blocks were made, as shown in Fig. 9, to the forms 
given in Table 2. This represents the exact contour cut by the 
cutter tooth when the entrance portion of the work is located at 
each one of the respective angular work positions. 

To determine the type of contact for any given angular position 
of the cutter tooth, the work block for that angular position was 
placed against the guide block and slid past the 40-in. radius for 
a distance comparable to the feed per tooth, i.e., 0.105 in. for a 
0.0105-in. feed per tooth. The cutter tooth was then swung in 
the direction shown until it contacted the workpiece. The type 
of tooth contact was observed. This procedure was repeated 
for each angular position. The results were compiled and the 
proper sequence of tooth contact for each position was recorded. 

Figs. 10 to 18, inclusive, are close-up views of the various pos- 
sible types of initial contacts between the cutter tooth and the 
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work. All of the original photographs were taken looking out- 
ward from the center of the cutter in a direction along the 10-deg 
negative radial rake angle on the face of the tooth. 

Fig. 10 covers the conditions which exist when the point of 
initial tooth contact with the work is at H on the face of the tooth 


where it intersects the face of the cutter and is at a distance from 
the cutting edge on the chamfer equal to the feed per tooth, 
This is followed by point C, and finally by point A, contacting 
the work. This occurs when the tooth enters the cut anywhere 
from the zero position up to the 63-deg 45-min position. © 
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TABLE2 OUTLINE OF FORM MILLED ON ENTRANCE EDGE OF 
WORK FOR EACH WORK POSITION USED 


Angular 
position, -—Angle on edge of work, deg-min— 
deg A B 
10-170 53-32 80-36 
20-160 37-06 71-18 
30-150 27-50 63-32 
40-140 22-30 57-19 
45-135 20-39 54-46 
’ 50-130 19-13 52-35 
60-120 17-09 49-07 
70-110 15-55 46-47 
80-100 15-13 45-27 
90 15-00 45-00 


At the 63-deg 45-min position, the initial contact point of the 
face of the tooth with the work still remains at Z, as is shown in 
Fig. 11. However, as the cut progresses, the entire face of the 
tooth along the corner angle gives a line contact from A to C. 
This line contact is at a distance from the cutting edge equal to 
the feed per tooth. 

In Fig. 12 we can see that between the 63-deg 45-min position 
and the 70-deg 45-min position, the face of the tooth makes con- 
tact with the work in the order of points # at the face of the 
cutter; A at the top of the cut; and C at the intersection of the 
corner angle and the chamfer. 

Fig. 13 shows the set of conditions which obtain at the 70-deg 
45-min position where both A and £ on the face of the tooth con- 
tact the work at the same time. This is followed by point C, 
also on the face of the tooth, and making the final contact. The 
point A is located at a 0.150-in. distance, which is the depth of 
cut from # at the face of the cutter. This marks the beginning 
of the true double-negative cutting action, which extends up to 
the 100-deg position. 

Between the 70-deg 45-min position and the 90-deg position, 
the initial point of contact is at A. This is followed by contact 
at H, and finally by contact at OC. Fig. 14 clearly illustrates this 
set of conditions. 

When the cutter tooth contacts the work at the 90-deg posi- 
tion, the initial contact is still at A. This is on the face of the 
tooth, as illustrated in Fig. 14. This is, however, followed by 
a line contact which is along the face of the tooth extending 
from C to #. This is parallel to the chamfer and is shown in 
Fig. 15. 


Fig. 16 shows the initial tooth contact: being made on the face 
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TABLE II 


ANGULAR ANGLE ON EDGE OF WORK 
POSITION A B 


10-170 
20-160 
30-150 
40-140 
45-135 
50-130 
60-120 
70-110 
80-100 
90 


Sefer 
37°-06' 
27°-50' 
22°-30' 
20°-39' 
19°-13’ 
17°-09 
15°-55’ 
15°-13’ 
15°-00’ 


80°-36’ 
71°-18' 
63°-32’ 
57°-19' 


54°-46' 
D28-30u 
49°-07' 
46°-47' 
45°-27' 
45°-00’ 


Fig. 10 Sequence or Init1au Contact, E-C-A; Poor OppratTIne 
CONDITION 
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Fie. 11 Sequence or Inir1au Contact, E-(CA); Poor OpEratiIne 


ConvDITION 
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Fig. 13 Sequence or Init1Au Contact, (HA)-C; Start or DouBue- 
NeGative AcTION AND Goop PERFORMANCE 


of the tooth at A, as illustrated in both Figs. 14 and 15. 
This is followed by contact at C and finally at #. This set of 
conditions prevails from the 90-deg position up to the 100-deg 
position. 

At the 100-deg position, the initial contact between the face 
of the tooth and the work is a line connecting point A with B.» 
The length of this line represents the feed per tooth. Fig. 17 
shows this condition. At this position the engagement angle be- 
tween the face of the tooth and the entering side of the work 
changes from negative to positive. In other words, at this posi- 
tion the initial contact point moves from a point A on the face 
of the tooth, which is at a distance equal to the feed per tooth 
away from the cutting edge, up to a point B on the edge itself. 

Finally, Fig. 18 shows the condition which exists at all angular 
positions beyond the 100-deg position. The initial contact be- 
tween the cutting tooth and the work is at a point B, which is 
located at the cutting edge itself. This is followed by cutting- 
edge contact at D and then at F. 


ANALYSIS OF RESULTS 


The data, compiled in Fig. 6, quickly indicate that a face- 
milling cutter having a 10-deg negative axial rake; a 10-deg nega- 


Fie. 15 See@upnce or Initian Contact, A-(HC); Goop OpprRaTING 
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Fig. 16 Srquence or InitTrau Contact, A-C-H; EXceLLuent Opmr- 
ATING CONDITION 
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Fig. 17 Seeumnce or InrT1AL Contact, (AB)-D-F; ENp or 
Dovsun-Necative AcTION AND EXxcELLENT OPERATING CONDITION 


. 
Fic. 18 Sequence or Inrtrat Contract, B-D-F; Farr to Poor 
OpERATING CONDITION 


tive radial rake; a 15-deg corner angle, and a 1/3.-in. X 45-deg 
chamfer: 

1 Gives the longest cutter life when the nose or corner on the 
cutter enters the cut anywhere between the 70-deg 45-min and 
100-deg work positions. The reason for this is the pomt A on 
the face of the tooth which contacts the work first. 

(a) A 0.0105-in. feed per tooth gives the longest as well as the 
most uniformly consistent cutter life between the 70-deg 45-min 
and 100-deg work positions. 

(b) A 0.0084-in. feed per tooth gives the shortest cutter life 
but has a tendency to cover a wider range of work positioning 
between 63 deg 45 min and 100 deg. Evidently the reason for 
this is the second point of contact with the work, which happens 
to be at A even though its initial point of contact is at F. ; 

(c) The longest cutter life for a 0.0147-in. feed per tooth is 
confined within the narrowest range of work positioning for the 
four feeds used. 

(d) At about the 90-deg tooth-entry position, the cutting 
edge along the 45-deg chamfer contacts the entry edge of the 
work broadside. This actually tends to decrease the length of 
run by aslight amount. An analysis of all tools run at this posi- 
tion shows that the initial breakdown occurs along the chamfer. 
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2 The life of the cutter is short and erratic when the cutter 
nose enters the work first anywhere between zero position and 
the 63-deg 45-min angular work position. This is due to the 
fact that the point # on the face of the tooth, which is below the 
point where the chamfer intersects the face of the cutter, con- 
tacts the work first. 

This is substantiated by an analysis of the wear record of all 
the tools run at these positions, which indicates that a chip out 
of the cutting edge at # is followed by a complete collapse of the 
chamfer. 

(a) It willbe noted that an 0.0084-in. feed per tooth shows the 
longest cutter life, and that the 0.0126, 0.0106, and 0.0147-in. 
feeds per tooth, in the order given, show the shortest cutter life 
between the zero-deg and 55-deg work positions. 

(6) At the 45-deg angular position, all of the feeds per tooth 
gave practically a zero cutter life. Plenty of runs were made at 
this work position to verify the results. There is no indication 
that this is the result of a change in the type of tooth contact be- 
cause the same type of contact exists all the way from the zero- 
deg to the 63-deg 45-min angular position. 

An analysis of the wear record of all the tools which were run 
at the 45-deg position showed that the cutting edge in the vicinity 
of the intersection of the corner angle and the chamfer consis- 
tently failed by spalling off in the same manner. It was assumed 
that this was due to the direction of, and also the intensity of, 
the impact load at the time the tooth hit the work. To verify 
this, an analysis was made of the major cutting forces at the time 
of the initial tooth impact, using the assumption that the longi- 
tudinal force (in the direction of feed) is 30 per cent of the tan- 
gential force, as outlined in Fig. 19. 
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This type of analysis was applied to each work position from 
the zero position to the 90-deg position. The angle K, which 
gives the relationship of the resultant force to the peripheral re- 
lief angle behind the cutting edge for each one of the various work 
positions, was determined graphically and then plotted as shown 
in Fig. 20. 

It will be noticed that for the 45-deg position, which is shown 
in Fig. 19, the resultant-force line lies 3 deg 30 min within the 
peripheral-relief-angle line. It will also be noted that the angle 
K is zero for a work position of 32 deg. This means that the 
direction of the resultant force coincides with the peripheral re- 
lief angle behind the cutting edge. This also means that for all 
work-position angles which are less than 32 deg, the direction of 
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the resultant force lies outside the peripheral relief angle, and 
shows why there is an inclination to spall off behind the cutting 
edge. 

(c) There is a tendency for cutter life to decrease slightly at 
the 63-deg 45-min work position. This is apparently owing to 
the fact that at this position the entire cutting edge along the 
corner angle enters the work at the same time. This causes a 
momentary increased shock, which tends to break down the 
cutting edge. 

(d) At the 70-deg 45-min work position, the face of the cutter 
tooth contacts the work at both A and # at exactly the same time. 
This momentarily increased contact also has a tendency to reduce 
cutter life by a slight amount. 


Ravine Work Positron By Torau Distance Currer Is 1n Con- 
tact Wira Work 


It is a known fact that when work is so positioned in relation 
to a face mill that the center line of the work and the center line 
of the cutter, measured in the direction of the feed, actually coin- 
cide, the arc of contact B between the cutter tooth and the work 
is at its minimum, Fig. 21. This are of contact increases grad- 
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ually as the work position is shifted to either side of this central 
position. It is at its maximum under the present set of condi- 
tions, either where H equals 10 deg and F equals 0.061, or where 
E equals 127 deg 33 min and F equals 6.437, as we saw listed in 
Table 1. 

Table 3 shows the length of this are of contact B, expressed 
in inches, for the various work positions for the 11/s-in. width of 
cut which was used in the test runs. This are of contact (tooth 
path) has been called by the mathematical term “an are of a 
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looped trochoid.”’ Since the width of cut is narrow, however, 
it will be treated here as an are of the cutter circumference. 
This will give a close approximation to the theoretical curve 
already mentioned. 

Table 3 also shows the total length of these arcs of contact ex- 
pressed in feet for a 1-in. length of cut for the various work posi- 
tions when using an 0.0084-in. feed per tooth. This is obtained 
by multiplying the length of the are of contact for one tooth pass 
by the number of tooth engagements, with the work in a 1-in. 
length of cut for the given feed per tooth. (This is expressed in 
feet to reduce the number of digits in the figures.) The follow-~ 
ing example shows the method used to arrive at the total length 
of are of tooth contact with the work for each inch of length of 
cut when using the 80-deg work position and the 11/:-in. width 
of cut . , 


1.509 (Length of are of contact) * 238 (rpm) 
2 (Inches per minute) X 12 (inches to feet) 


= 14.96 ft° 


The lengths, given in Table 3, were compiled for the several 
work positions, and the graph shown in Fig. 21 was plotted from 
them. This graph shows that there is a marked difference in 
the distance which a cutter tooth has to travel as thé work posi- 
tion changes from either side of the central position where the 
center line of cutter and center line of work coincide.. 

This information is also expressed on a percentage basis, using 
the position where the arc of contact is shortest, as at 100 per cent. 

In order to determine the effect of changing the width of the 
work on the length of arc of tooth contact with the work, similar 
data were compiled for both 1-in. and 2-in. cuts. 

Using the data compiled for the 11/,-in-width cut in Table 3, 
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TABLE 3 EFFECT OF WORK POSITIONING AND WIDTH OF CUT ON LENGTH OF TOOTH 


Angular Total length arc-of-con- Per cent total length of 
position Length arc-of-contact tact tooth makes with arc-of-contact with work 
of entrance tooth makes with work, B, work for each inch length using position of minimum 
point on : in. of cut, ft contact as 100 per cent 
work, # = = Wwe W= W= We= = w= W= 
deg lin. 1/2 in. 2in lin 11/2 in. 2 in. 1 in. 11/2 in. 2 in. 
5 2.565 8.258 3.857 25-43 32.20 38.25 256 215 191 
10 2.278 2.960 3.560 22.59 29.40 35.31 O27 197 177 
20 1.848 2.487 3.066 18.27 24.66 30.40 184 165 152 
30 1.5384 2.136 2.690 P5eoleee 20515) 5 26R67 153 142 133 
40 1.322 TeGee Bal Tiss 18.65 23.93 132 125 119 
50 T.17Se gale 708; ) 22279 11.68 16.90 22.01 117 113 110 
60 1.065 1.593 2.094 10.56 15.83 20.77 106 106 104 
70 1.028 12528 2.031 10.19 15.16 20.14 102 101 100 
75-31-22 “ye ae 2.021 Dae aot 20.04 Aey nots 100 
79-11-35 ee 1.509 nae Ke 14.96 Sach eS 100 = 
80 1-004 1.509 2.028 9.95 14.96 20.11 100 100 100 
82-49-09 1.002 Lee Ses 9.94 aie ke 100 as an 
90 1.011 1.538 2.094 10.02 15.24 20.77 101 102 104 
100 1.052 1.625 2.258 10.43 16.06 22.40 105 107 112 
110 1.138 1.802 2.608 11.28 7283" oe 25586 113 119 129 
118-58-17 bi tor 3.552 B5 fee 35.23 Zi + 176 
120 1.298 2.167 bat 12.87 21.50 a 130 144 uxt 
127-32-39 * 2.954 Es 29.25 = 195 
130 1.621 te 16.08 aoe 162 Ri 
137-15-15 2.276 22.57 227 
and shown in the graph in Fig. 21, a new set of tool curves as P 
shown in Fig. 22 was developed to take the place of those shown apa 
in Fig. 6. This was done by multiplying “‘the distance traveled 
to tool failure,” expressed in inches, by the “total length of are CHAMIER 457. CORNERU ANGLE. 
of contact with the work for each inch length of cut,’’ expressed N eel Was 
in feet, and plotting the result against the various work positions. X ast x 2b 
This set of curves follows the same general pattern as those 
shown before in Fig. 6, and these curves: MA DEPTH 
1 Amplify the point that at both the low and the high angular WORK 
work positions, the rapid failure of the cutting edge on the cutter FEED Tae 
tooth is accentuated by the increased distance that it is actually 
in contact with the cut. (a) (b) 
_ sa z 
2 Clearly show that there are critical work positions at 45 and RUGROSE Linacre Gntncma Connie Ancun Toreurn Work 
105 deg. ContTouR 


3 Also show the effect of the tooth engagement with the work 
at the 63-deg 45-min, 70-deg 45-min, 90-deg, and the 100-deg 
work positions in about the same manner as when rated on the 
actual distance traveled to point of tooth failure. 


Errecr or CHANGING CorNER ANGLE ON Work PosITIONING 


It frequently happens that the outline of the workpiece, where 
the cutting edge first contacts it, is of such a shape that a corner 
angle other than 15 deg is required to keep the corner of the cutter 
from hitting the work first. 

Fig. 23 (a) shows a condition where a ‘cutter tooth having a 
15-deg corner angle and a small chamfer contacts the work first 
next to the face of the cutter. This naturally results in short 
cutter life because the intersection M of the chamfer at the face 
of the cutter usually chips out first. 

Fig. 23 (b) shows the same work outline. However, the cutter 
tooth has been reground to an increased corner angle of 45 deg, 
which takes the initial contact with the work at some point NV 
at a distance from the intersection of the corner angle and the 
chamfer. This slight change of conditions prolongs the life of 
the cutter. 

When all the data from the test runs made with a face mill 
having a 15-deg corner angle used on work with a square corner 
(90-deg included angle) had been compiled, it was learned that 
the best work-position angles were between 70 deg 45 min and 100 
deg. The analysis of the 1/s:-in. X 45-deg chamfer angle showed 
that the best work-position angles for a 45-deg angle were be- 
tween 90 and 100 deg. 

The same analysis also showed that the high limit of this range 
of best work-position angles was always a constant for a given 
negative radial rake angle on a cutter, and was equal to 90 deg 
plus the negative radial rake angle on the cutter, irrespective of 
the corner angle. 


The analyses showed that the low limit of this range of the 
best angular work positions is at the work-position angle where 
the initial point of contact of the face of the cutter tooth and the 
work begins at M, in Fig. 23. A change in the corner angle on 
the cutter changes the angular work position where the initial 
contact at the point A, which was shown previously in Fig. 6, 
actually begins. For a 15-deg corner angle, the work position 
is 70 deg 45 min. For a 45-deg corner angle, the angular work 
position is 90 deg. 

The curve X shown in Fig. 24 was developed as an aid in ob- 
taining the best angular work positionings for other corner angles. 
This curve covers the work positions shown previously in Fig. 11, 
where points A and C contact the work at the same time. This 
curve shows that as the corner angle is increased with all other 
conditions identical, the range of operation of the best angular 
work position decreases, and vice versa. 

Curve Y shows a similar line plotted to indicate where the 
face of the tooth makes initial contact at A and # at the same 
time, which is followed by contact at C. This set of conditions 
was shown in Fig. 13. The location is important because it 
tends to reduce cutter life. It also tends to decrease the width 
of range of longest cutter life as the corner angle increases. 

All tests made while using the cutting angles of 15 deg corner 
angle, 10 deg negative radial rake, and 10 deg negative axial rake 
clearly indicated that the cutter life would tend to be at its lowest 
whenever the initial tooth contact with work would be at an 
angular position of 70 deg 45 min or less. This forces the work 
positions which gave the longest cutter life into the narrow oper- 
ating band between 70-deg 45-min and 100-deg angular positions, 
as indicated by the curve marked 0.0105, which was previously 
shown in Fig. 6. This same curve also shows practically no cut- 
ter life for all angular positions of 60 deg or less. 
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The last-mentioned conditions offer a real challenge, and so a 
series of 60 runs was made with 40 tools while using increased 
corner angles to, determine some means whereby the cutter life 
in general could be improved. The tools used were ground as 
follows: 14 tools to a 25-deg corner angle, 13 to a 35-deg, and 13 
to a 45-deg corner angle. All other tool angles were kept the 
same as were ground on the tools which had the 15-deg corner 
angle, except for those tools with the 45-deg corner angle. In 
this case no chamfer was ground between the corner angle and 
the face of the cutter. Instead, it was broken lightly with a 
320-grit silicon-carbide stone. A total of 20 runs were made for 
each set of tools which had the same corner angle, while using 
the work positions ranging between the 10 and 90 deg. 

All the operating conditions were duplicated while using a 
table travel of 2'/2 ipm (0.0105 in. feed per tooth). The distance 
traveled in inches per minute up to the time of tool failure was 
plotted for each one of the various work positions and corner 
angles, as shown in Fig. 25. The tool-life curve, previously 
shown as Fig. 6, for the same feed per tooth when using a 15-deg 
corner angle was also duplicated. 


GENERAL CONCLUSIONS 


A comparison of the four curves shows that for a face mill hav- 
ing a 10-deg negative radial rake and a 10-deg negative axial 
rake and operated under the conditions as already outlined: 


1 Cutter life reaches maximum when a 15-deg corner angle 
isused. The only way this maximum cutter life can be obtained 
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is by using special care to see that the initial point where the 
tooth enters the work lies between the 70-deg 45-min and the 
100-deg work positions. 

2 The limited long-life working range between the 70-deg 
45-min and the 100-deg positions, when using a 15-deg corner 
angle, makes it necessary for the face mill to overhang the en- 
trance side of the work by an increased amount. This results 
in the use of face mills slightly larger in diameter than have been 
ordinarily used on most face-milling jobs. 

3 Cutter life is at its minimum with a 15-deg corner angle 
when the initial point where the tooth enters the work lies be- 
tween the zero-deg and the 70-deg 45-min work positions. 

4 Cutter life can be improved by using corner angles greater 
than 15 deg when it becomes necessary to operate a face mill 
within the zero-deg to 70-deg 45-min work positions. 

5 When a 25, 35, or 45-deg corner angle is used, the cutter 
life for the 70-deg 45-min to 100-deg work position is only from 
50 per cent to 60 per cent of that obtained from a face mill which 
has a 15-deg corner angle. 

6 Any face mill with a 45-deg corner angle will produce the 
maximum cutter life when practically no attention at all is given 
to work positioning. The 35-deg and then the 25-deg corner 
angles rate next in the order given. 

7 Mediocre but somewhat consistent results can be obtained 
with a face mill having a diameter slightly larger than the work 
width, provided that it has a 45-deg corner angle. 

8 The face mill can be adapted to various face-milling opera- 
tions by grinding an appropriate corner angle on it and then” 
properly positioning the cutter entry edge of the work to the 
cutter. This indicates the possibility of standardizing carbide- 
tipped face mills and adapting them to a large number of jobs. 

9 Cutter life was shortest for the 45-deg work position when 
operating a face mill with a 15-deg corner angle at all feeds per 
tooth. When the corner angle was changed to either 25, or 35, 
or 45 deg, the cutter life was considerably longer for the same 
position. However, the one work position which gave the re- 
duced cutter life was transferred to two positions, one at 40 deg 
and the other at 50 deg, on either side of the 45-deg position. 
This set of conditions is worth further analysis. It must be kept 
in mind that all conclusions were reached as a result of using a 
face mill on work having a 11/>-in-width cut. 

While these tests were being run, it was observed that when 
runs were made at the critical 45-deg work-entry position the 
cutter life could be increased many times for some cuts wider 
than 11/. in., even though the stock removal was much greater. 
This seems to indicate that the position where a cutter tooth 
leaves the work or a possible variation in cutter-flywheel-spindle 
momentum may affect cutter life. This is another phase of work 
positioning which will be given extensive study inthe future. + 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 


Circular Bulging of Aluminum-Alloy Sheet 


at Room and Elevated Temperatures 


By GEORGE SACHS,? GEORGE ESPEY,?’ anv G. B. KASIK$ 


In this paper preliminary results are reported on the 
strength characteristics and forming limits of various 
aluminum-alloy sheet, when subjected to hydraulic pres- 
sure over a circular area at temperatures up to 500 F. The 
strain distributions were analyzed by means of a photo- 
grid, after these bulges failed. The bulges exhibited a 
practically balanced biaxial strain state over most of the 
contour with the exception of a very narrow range of local 
deformation in the vicinity of the fractures. The maxi- 
mum meridional strain outside the necked area observed 
at the pole of a bulge, in spite of its biaxial nature, gener- 
ally exceeded the uniform elongation known from tensile 
tests. The forming limits for all annealed conditions in- 
creased considerably with increasing temperature if the 
temperature exceeded a certain critical value, between 
250 and 400 F, depending upon the alloy. The heat- 
treated conditions of the alloys 24S and 61S were only 
slightly affected by the testing temperature, while the 
forming limits (uniform stretch) of 75S-T, R301W, and 
R301T were materially increased at elevated temperatures. 
The reduction of thickness, which is a measure of the duc- 
tility of an alloy, followed approximately the same trend 
as the forming limit. 


in the past primarily to testing purposes and to such minor 

cold-forming operations as the bulging of recesses in tubular 
parts. However, various shapes can be formed by bulging or 
hydraulic application of uniform pressure to one side of a sheet 
over a confined area. This process has found a restricted com- 
mercial application for the forming of letters and other shapes on 
signs. 

Temperatures in the vicinity of 400 F (200 C) are, to a small 
extent, being used in the bending, joggling, and dimpling of high- 
strength aluminum-alloy sheet. The application of temperatures 
in this range presumably does not impair the properties of high- 
strength alloys. 

Hydraulic bulging at elevated temperatures has been used suc- 
cessfully for the fabrication of magnesium-alloy parts. On the 
contrary, this method has previously not been found useful for 


r JHE use of a fluid as a pressure medium has been restricted 
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Development of the War Production Board. Thisresearch, which was 
supervised by the War Metallurgy Committee under the “restricted” 
Project NRC-547, is the basis of this paper which has been released 
for publication by the O.P.R.D. 

2 Professor of Physical Metallurgy, Case School of Applied Science, 
Cleveland, Ohio. Mem. A.S.M.E. 

3 Department of Metallurgical Engineering, Case School of Applied 
Science. 

Contributed by the Metals Engineering Division of Tan AMERICAN 
Socrmty or MrecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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the hot-forming of aluminum alloys, as an excessive temperature 
was considered necessary, 850 F (450 C), approximately. 

The test results obtained on this project, however, indicate that 
temperatures between 250 and 400 F (120 to 200 C) substantially 
improve some forming characteristics of a number of high- 
strength aluminum alloys.’ This fact, if substantiated by further 
experimentation, may render forming by means of hydraulic 


- pressure at elevated temperatures a valuable addition to the vari- 


ous commercial methods of aluminum-alloy-sheet forming. 

Examples of specimens bulged for this investigation are shown 
in Fig, 1. 

The metal at the crown or pole of a circular bulge is subjected to 
a practically uniform tensile stress, and tensile strain in all direc- 
tions parallel to the metal surface. This applies throughout the 
test until the “forming limit’? is reached when failure by local 
necking or fracturing occurs. Such a “balanced biaxiality’’ con- 
stitutes a fundamental stress-and-strain state, for it is a border- 
line case which many types of actual forming operations approach 
and which is present in aircraft and other structures in service. 
Therefore, rather than measure the depth of the cup or bulge at 
the moment of failure, the unit strains (in the vicinity of the 
break) which the metal exhibits after failure, were determined. 
These are considered as important metal characteristics. 

No attempt will be made, at present, to evaluate the funda- 
mental significance of the data discussed here. Further reports 
will cover various other phases of cold- and hot-forming alu- 
minum alloys, and their fundamental analysis. 


MATERIAL, EQUIPMENT, AND PROCEDURE 
MatTeriats Trstep 


Twenty-one different conditions of seven aluminum alloys (38, 
52S, 61S, 248, 75S, R301, and R303) were tested. The alloys 
38, 52S, and 61S are supplied in bare (unclad) sheets, and only 
bare R303 was tested. 75S and R301 were available only as 
clad sheet, and alloy 24S was tested both bare and clad. 

For the general tests on circular bulges, sheet of the same thick- 
+0.002 
—0.0015 
particular alloy condition, specimens were cut from a single sheet 
for which the thickness variations were within +0.001 in. 

The yield strength, tensile strength, and elongation (2 in. 
gage length) in both the transverse and longitudinal (rolling) 
directions are assembled in Table 1. 

The various alloy conditions are assembled into two main 
groups and four subgroups as follows: 


Group II Heat-Treated Sheet 


(A) Room-temperature-aged alloys 
(B) Artificially aged alloys 


ness for all alloys, 0.040 in., was selected. For any 


’ 


Group I Annealed Sheet 
(A) Nonaging alloys 
(B) Heat treatable alloys 


, 

4 A particularly valuable application of hot-forming, at these tem- 
peratures, has been found to be the roll-forming of sections in the 
rather brittle high-strength alloys, suggested recently by an un- 
published report on another phase of this W.P.B. research investiga- 
tion. 
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The alloys investigated represent all conditions for the struc- 
tural alloys of high strength available at present for production 
and a few additional alloys which are also used in aircraft fabri- 
vation, because of their superior forming properties. 


Deraits of EQuIPMENT 
The equipment® consisted of a bulging head and a hot-oil dis- 
placement cylinder capable of furnishing oil under pressure up to 
3000 psi to the head on which the specimen was clamped, Figs. 
° The equipment for these tests was developed by E. J. R. Hudec 
and C. L. Bennett, Instructors under the supervision of G. B. Carson, 


Associate Professor of Mechanical Engineering, Case School of 
Applied Science. 


3-SUPPORTING 
LUGS 


===>) 


18 


6-1/N STUDS 
CLAMPING RING (DIE) 
TEST SPECIMEN 


MERCURY FILLED 
TEMPERATURE 
CONTROL BULB 


BASE LCATE 


STEEL TUBE 


- 500 WATT 
STRIP HEATERS 


/- 1800 WATT 


1-600 WATT RING HEATER 


RING HEATER 


OIL 


Fic. 3 Derait or Hor Hyprautic Butaine Heap 


2and 3. The clamping ring (die) had a 1/2 in. radius to prevent 
tearing of the specimen at the edge of the die contour. Originally, 
an as-machined surface of both the base plate and clamping-ring 
interfaces provided satisfactory gripping surfaces. As the die be- 
came nicked it was necessary to serrate the surface with four 
buttress teeth per inch (*/s in. deep X 1/4 in. long). ‘ 
Oil pressure for the bulging was supplied from a displacement 
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TRANSVERSE LONGITUDINAL 
TEN- TEN- 
SHEET SHEET YIELD SILE ELONG. YIELD SILE ELONG. 
ALLOY THICK] “SCR STR. IN: ot SHOES. Siiiigho QU) atu 
IN. PSI PST 2 PSI PSI 
GROUP I-A 
550 041 7520 17100 31.5 7400 17200 32.0 
5250 039 13800 26300 25.0 15700 27900 24.0 
GROUP _I-RB 
2450 Bare -0415 14500 33400 17.0 14400 34500 17.5 
2480 Clad 059 12500 28200 17.5 12800 39100 16.0 
Sess -0395 10400 25700 19.5 10600 25500 25.0 
75S0 (Clad 040 16100 32300 14.0 16700 3835100 14.0 
6150 - 040 7800 17300 24.5. 8220 17800 26.0 
GROUP II-A 
24ST Bare -0395 43700 67400 17.5 48400 69500 19.5 
e4ST Clad -0395 41300 64700 17.0 47200 65700 17.0 
e4SRT Bare -0395 55000 71000 13.5 60200 72400 134.5 
24SRT Clad -0385 51600 67500 13.0 59200 69300 11.5 
ZOlW(Clad) .038 36200 61300 19.5 40700 635600 21.5 
61SW 038 29700 41500 15.5 43000 42000 17.0 
GROUP II-B 
24ST81 Bare .040 60400 68900 5.0 62600 70800 7.0 
24ST81 Clad .040 59500 66500 5.5 623500 68000 6.5 
24ST86 Bare .041 65900* 72800 4.5 66400* 72800* 5.5 
24ST86 Clad .040 63400 69400 5.0 65100 70200 6.0 
R301T eee aeea. 57600 69100 10.5 60900 70100 10.5 
75ST Clad) .041 64400 78000 12.0 70700 80500 12.0 
61ST 059 38100 46000 15.0 39800 46600 15.5 
RZ03T315 (Bare. 041 67100 75500 9.5 70000 76200 9.0 


*Does not meet minimum specified by the Army Air Force 


Specification, No. 113554. 


cylinder, the piston of which was actuated by the lead screw of a 
broaching machine that was driven from a variable-speed drive, 
Figs. 4 and 5. The total volume-displacement capacity of the 
cylinder was 95 cu in. F 

The bulging pressure was recorded by a helical-type 8000-psi 
recording pressure gage tapped into the oil line connecting the 
bulging head and displacement cylinder. A synchronous-motor 
drive for the recording chart permitted the recording of a pressure- 
time (stroke) curve for any desired test. 

The elevated temperatures were obtained by heating the lower 


plate, the reservoir, and the oil-displacement cylinder by means of 


resistance heaters. A mercury-tube temperature-control switch, 
sensitive within +5 deg F, inserted into the base plate, con- 
trolled the temperature of the bulging head and the ail in the 
head. Two manually adjusted thermoswitches (50-600 F) were 
used for controlling the temperature of the oil in the displacement 
cylinder. The actual temperature was indicated by a ther- 
mometer set in a well in the exhaust end of the cylinder, Fig. 5. 


The temperature of the specimens and various parts of the 
bulging fixture was determined (within +3 deg F) with a Cam- 
bridge surface pyrometer, mold type, 50-600 F range, having a 
minimum accuracy of 2 per cent of full scale. 

To protect the operators from the danger of hot oil at high 
pressure, a safety-glass cover was constructed to fit over the 
bulging head, Fig. 4. The cover was built of */s-in. heat-tem- 
pered plate glass set ina 1/s X 1-in. angle-iron frame. 

For the low-temperature (30-50 F) tests, a small 3-gpm rotary 
gear pump was employed by which refrigerated oil was pumped 
from a 5-gal sump, containing dry ice as a coolant, to the reservoir 
of the bulging fixture, and thence circulated through the dis- 
placement cylinder. Dry ice was placed around the bulging head 
to maintain it at testing temperature. 


TxEsTING PROCEDURE 


A 20-line-to-the-inch orthogonal grid was applied to one side of 
each test specimen by a modification of the photogrid process 
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(1, 2). The:grid lines were applied parallel to the transverse 
and longitudinal directions of the sheet. ‘The maximum varia~- 
tion of the grid for 1/, in. gage lengths was 0.5 per cent. 

The 12-in-sq test specimens were set in a jig and drilled with 
six 11/,s-in-diam holes to accommodate the 1-in. studs in the base 
plate. 

The bulging head, with the clamping ring in place, and the dis- 
placement cylinder were held at the predetermined testing tem- 
perature for at least 15 min prior to the start of a given run. To 
minimize the temperature gradient across the bulge and to insure 
the absence of air in the head, care was exercised to have the oil 
level in the reservoir flush with the surface of the base plate be- 
fore placing a test specimen on this fixture. 

The general testing procedure was to place the test specimen on 
the bulging head, set the preheated die loosely in place and allow 
10 min time in which to take several temperature determinations 

around the bulge, and then tighten the clamping ring onto the 
specimen. It was found that the sheet reached a-constant tem- 
perature within 2 min after being placed on the bulging head. 
The circular edge of the sheet next to the die was generally above 
the temperature of the center of the sheet by 5 to 10 deg F in the 
vicinity of 250 F and 10 to 20 deg F in the vicinity of 500 F. 

The tightening of the die, which took a few minutes, was de- 
ferred until near the end of the 10-min period (after 7 min of pre- 
heating), for it was found that premature tightening favored 
heat-warping of the restrained sheet specimen. After the 10-min 
heating period the safety cover was placed over the head and the 
actual bulging was started and proceeded without interruption 
until failure. The forward speed of the piston was held constant 
throughout these tests at 5%/3 ipm; this gave a displacement 
volume of 17.7 cuin. per min. Hach test required approximately 
2 min for the actual bulging operation. The time required to re- 
move the clamping plate brought the total time for each test, dur- 
ing which the sheet specimens were exposed to the elevated tem- 
perature, to between 14 and 16 min. 

For the purpose of comparing the properties of the various 
alloys at different testing temperatures, the maximum bulging 
pressure or “bursting pressure” has been used as a measure of the 
metal strength. In addition, the strain distributions along the 
“principal axes” after failure of the specimens were determined, 
and the ductility characteristics were obtained, as discussed in the 
following section. 


M®8ASUREMENT OF STRAINS 


The over-all investigation, of which this paper is a part, entails 
the consideration of the effects of various degrees of stress bi- 
axiality. For a better understanding of the forming limits, this 
necessitates the theoretical consideration of various geometrical 
shapes, which include the border cases of a flat sheet, a tube, and 
a sphere. It has been found necessary to deviate from general 
practice and adopt a different and comprehensive system of co- 
ordinates and directions which will permit an unambiguous 
description of any stress or strain in any given part. 

A system of co-ordinates which will fit those cases having two 
perpendicular planes of symmetry for which the strains are 
measured along the “principal axes’’ has been selected as follows: 
The intersection of the two planes of symmetry and surface will 
be designated as the “pole.” For any point on the surface, the 
“normal direction” N is readily recognized as the direction per- 
pendicular to the surface at that point, Fig. 6. A “meridian line’’ 
is taken to be the intersection between the part surface and a 
plane passing through the pole and the line normal to the surface 
at the point under consideration. At the given point, the 
“meridian direction” M is determined by the line of tangency to 


6 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fic.6 DraGcrRamMMatic REPRESENTATION OF Co-ORDINATE 
DESIGNATIONS 


the meridian line. The “latitude direction” ZL is defined as the 
perpendicular to both the normal and meridian directions at the 
point under consideration. The relation of these terms to those 
used for a plane, a tube, and a sphere are readily recognized; they 
are assembled in Table 2. 


TABLE 2 TERMS USED IN STUDIES 


Adopted Common terms 
terms Plane Tube Sphere 
Normal NV Normal Normal or radial Normal or radial 


Circumferential or 


Meridian M (In the surface, Axial or longitudi- 
tangential 


longitudinal or nal 

transverse) 

Circumferential or 
tangential 


Latitude L Circumferential or 


tangential 


In the case of an extended part, the ‘principal axes” will be de- 
fined by the intersections between the part surface and the two 
symmetry planes, The axis in the direction of the larger dimen- 
sion will be designated by the letter a, and that of the smaller 
dimension by the letter b. Even in the case of a circular bulge 
such axes are also necessary to designate the grain direction. 

For the circular bulge the a-axis has been chosen as parallel and 
the b-axis as perpendicular to the rolling direction of the sheet. 
The strains have been designated as “meridional” e,. or ey, 
if measured along the axes a and b, respectively, and “latitudinal” 
€ar OF €yz if measured perpendicular to the axes, where the sub- 
scripts a and b refer to points along the a- and b-axes, respec- 
tively. Strains not measured at points on one of the principal 
axes will be referred to a special set of co-ordinates for the particu- 
lar case in question. 

It was observed in the tests, as discussed later, that the strain 
distributions were usually characterized by a rather flat maxi- 
mum at the pole of the bulge, disregarding a very narrow range 
containing the failure. These maxima in the principal meridional 
directions of the sheet were considered as the “forming limits” for 
the bulging processes, Figs. 9 to 12, inclusive, and represent the 
maximum amount of strain which the metal permits without 
failure by local necking or fracture. The strain at the forming 
limit for a bulged part could not be obtained in the same manner 
as for a regular tensile test specimen, i.e., by measuring a value 
of strain some distance away from the fracture. The measure- 
ments of the strain along the two major axes of the specimen, 
Fig. 7, with w, and cross-grain x, however, revealed that the strain 
values both parallel to the direction of each axis or “meridional,” 
and perpendicular to the direction of each axis or ‘Jatitudinal,”’ 
increased continuously from a zero value somewhere at the radius 
of the die to a maximum value at the crown of the bulge; a few 
representative plots are illustrated in Figs. 7 and 8. 

For a rapid determination of the forming limits, the strains 
occurring in an area approximately 3 in. sq and in the proximity 


. 
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of the pole of the bulge were measured along and in the direction of 
the principal axes by means of a strip of orthogonal co-ordinate 
paper to within 1/2 per cent (stretch). A gage length of 1/2 in. 
was generally used, although in some cases a gage length of 1/, in. 
was necessary for measurements near the break and in directions 
intersecting the failure on both sides (these values of 1/, in. gage 
length are distinguished by parentheses in the curves). No such 
measurements were made closer than 1/s in. to the fracture, nor 
across the fracture, i.e., including the fracture. A number of 
curves obtained in this manner are represented in Figs. 9 to 12, 
inclusive. That these measurements do not include the necked 
regions is shown by the thickness distribution perpendicular to 
the locus of failure, Fig. 13. From the figure it can be seen that 
for the very ductile alloy 52S-O, the necked region does not ex- 
tend more than 0.01 in. on either side of the fracture. 

The “reduction in thickness,” at the point of failure con- 
stitutes another metal characteristic, corresponding to the con- 
traction in area (reduction of area) of a regular tensile test pre- 
sumably measuring the ductility of the metal. This value was 
determined by measuring the thickness of the sheet at the fracture 
by means of a measuring microscope at X10 magnification. 
Three readings approximately evenly spaced over a total dis- 
tance of 4/, to 1 in. at the center of the primary fracture yielded 
values which could be readily reproduced. 

In order to obtain the local (normal) strain distribution in the 
circular bulge in the vicinity of failure, thickness measurements 
were made with a measuring microscope at appropriate intervals 
on specimens sectioned in a plane perpendicular to the locus of 
failure. Reduction in thickness values thus obtained for two 
alloys yielded quite smooth strain-distribution curves, Fig. 13. 


GENERAL CHARACTERISTICS OF STRAIN DISTRIBUTION 


The agreement between the meridional strains along the two 
principal axes was rather close. The maximum was flat and quite 
definite for all specimens yielding uniform stretch values of less 
than 25 per cent, Figs. 7 to 12, inclusive. The maximum was 
sharper for more ductile materials and differed slightly in posi- 
tion and value along the two axes, a difference of up to 3 per cent 
for temperatures below 375 F, and of up to 6 per cent for the tests 
at higher temperatures being observed. Less regular curves were 
occasionally obtained at the highest testing temperatures, proba- 
bly because of slight variations in temperature. It appeared 
that if the temperature differences over the surface of the bulge 
exceeded 10 deg F during the test, such irregularities resulted. 

The values of both the meridional and latitudinal strains 
measured along any one meridional axis, showed a variation up to 
+21/. per cent (stretch) for a meridian distance within 2 in. 
from the crown or pole of the bulges; this change was greatest 
for the soft alloys and/or tests at high testing temperatures, Figs. 
7 to 12, inclusive. 

The depth of a bulge within an accuracy of +10 per cent was 
primarily a function of the forming limit. The depth correspond- 
ing to various values of uniform stretch was approximately 4s 
follows: 


Stretch, 
per cent... -c.4. 10 20 30 40 50 60 
Depth ines ee 1 11/2 2 23/s 25/3 27/8 


The measured values for reduction in thickness generally ex- 
ceeded those calculated from the meridional strains. The mean- 
ing of these values which should measure the local ductility of the 
metal is rather obscure, as a radical change of stress state from 
balanced biaxiality to plane strain occurs as soon as local neck- 
ing begins. No attempts have been made, as yet, to evaluate 
the significance of the reduction-in-thickness measurements. 

Some thickness measurements in a plane perpendicular to the 
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locus of failure show that the strain gradually increases toward 
the locus of failure and that the larger fracture strain only affects 
a very narrow region,’ Fig. 13. A very ductile alloy, 52S-O, 
yielded practically the same forming limits from such measure- 
ments extrapolated to the fracture, as from the grid measure- 
ments. The more brittle alloys, such as 245-T, exhibited some 
irregularities in the immediate vicinity of the failure. How- 
ever, disregarding this range of irregularity the curve of thick- 
ness change extrapolates to practically an identical value, as 
calculated from the average of two meridional-strain values at the 
pole, as shown in Fig. 13. 

The more tedious thickness measurements, therefore, would 
yield practically the same average value of forming limit as the 
rather simple grid measurements of the strains. 


RESULTS OF TESTS 


BuRstTING PressuRE 


The bursting pressure can be considered as a semiquantita- 
tive measure of the ultimate strength of the metal, under condi- 
tions of biaxial tension. While the ratio of bursting pressure to 
strength is affected by the amount of strain, or rather the curva- 
ture of the sheet, at the point of failure, this effect is apparently 
considerably smaller than that of the testing temperature. 

As a general rule, the bursting pressure decreased continuously 
with increasing temperature above room temperature. Such a 
behavior is normal for any metal or alloy in a stable condition. 

Of the alloys investigated, Figs. 14 to 24, inclusive, those of 
Group II-A, or the room-temperature-aged conditions, might 
have been expected to deviate from the general rule if artificial 
aging had taken place to such an extent that this change exceeded 
the reverse temperature effect. Obviously, this aging effect was 


7 This region is extremely small as compared with the region of 
necking in tension tests on 0.50-in-wide specimens. 
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not very pronounced, but a slight hump in the curves of all room- 
temperature-aged alloys, Figs. 18 to 20, inclusive, can be taken as 
such an effect. 

A comparison of the two investigated nonaging alloys of Group 
I-A, showed 38-0 to be somewhat more respondent to the effect of 
temperature on the bursting pressure up to 200 F, while the per 
cent loss in this property was the same for both alloys at 400 F. 

Of the alloys of Group I-B, or the annealed conditions of the 
age-hardenable alloys, Figs. 15 to 17, inclusive, 24S-O, both bare 
and clad, was least affected (10 per cent approximately) of all 
alloys investigated by testing temperatures up to 300 F. On the 
contrary, the strength of R301-0, 75S-O, and 61S-O, decreased 
noticeably at rather low testing temperatures, and to a con- 
siderable extent, 25 to 30 per cent, at 300 F. Alloy 75S-O suffered 
the largest decrease of the bursting pressure at still higher 
temperatures. 

In the Groups II-A and II-B, Figs. 18 to 24, inclusive, i.e., 
room-temperature-aged and artificially aged alloys, respectively, 
again all 24S conditions exhibited considerably less reduction in 
strength on increasing the testing temperature than the other 
alloys, R301, 61S, and R303. At the highest temperatures in- 
vestigated, 400 F and higher, the reduction of the bursting 
strength was largest for the alloys 75S and R303. 

The absolute values of bursting pressure, of course, varied 
within wide limits for the different alloys and conditions, rang- 
ing between 350 and 1400 psi at room temperature, and between 
approximately 200 and 800 psi at 400 F. Thus, at 400 F the 
strength and forming resistance of the high-strength alloys are re- 
duced almost to the values of the softest alloy investigated, 3S-O, 
at room temperature. 

Of the alloys in Group II-A, 24S8-T clad and R301-W clad, 
possessed approximately the same bursting strength at room 
temperature, while the bursting strength of 61S-W at the same 
temperature was only 60 per cent of 248-T clad; 248-T bare, was 
the strongest alloy of this group. At 400 F, however, the alloy 
R301-W required only approximately 70 per cent of the bursting 
pressure for 24S-T clad and at 450 F was not appreciably 
stronger than 61SW bare. 

Of the heat-treated alloys, 75S-T clad, and R303-T315 bare, 
were the strongest up to 250 F, and 248-T81 clad, and 24S-T86 
clad, were the weakest at temperatures up to 300 F, while 24S-T | 
bare and clad, R301-W and R3801-T, were intermediate, Figs. 20 
to 24, inclusive. At temperatures between 300 and 450 F, how- 
ever, 24S-T required considerably larger bursting pressures than 
either 75S-T or R301-W, R301-T, and R303-T315. 

At the lowest temperature investigated, approximately 35 F, 
the bursting pressure was usually equal to or slightly higher than 
at room temperature. Exceptions were 24S-T86 bare and, less 
pronounced, 248-T86 clad. The decrease of the bursting strength 
of these alloys with decreasing temperatures, in the range below 
room temperature, is explained by the corresponding loss in 
ductility, which is apparent in both the-reduction in thickness and 
the uniform stretch. The alloys 24S-RT both bare and clad, 
also exhibited irregular and low strength, and low ductility proper- 
ties in a temperature range close to room temperature, and up to 
250 F. Alloy 24S-T bare and clad yielded rather uniform results 
on specimens taken from a single sheet. 

Artificial aging had very little effect on the alloy R301, while 
both cold-rolling (RT) and, even more, artificial aging (81 and 86), 
considerably reduced the bursting strength of 248, up to a tem- 
perature of 400 F. At still higher temperatures, the different 
aged alloys of either 24S clad, or 24S bare, appeared to possess 
practically the same bursting strength. 


Formine Limits 


Regarding the effect of testing temperature on the forming. 
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limits, the annealed alloys, Group I, may be consideréd together, 
whereas it is advantageous to discuss individually the room- 
temperature-aged conditions, Group I-A, the various conditions 
of 24S, and the artificially aged alloys Group II-B. 

It appears that the forming limits of all the annealed alloys 
except 3S-O and 75S-O were slightly reduced by raising the tem- 
perature up to a certain limit which varied for the different alloys 
between 100 and 250 F (248-0), Figs. 14 to 17, inclusive. With 
further increasing temperature, the forming limit of all these 
alloys increased continuously by as much as 35 to 40 per cent 
(stretch) at the testing temperature of 450 F. The magnitude of 
this effect probably depended considerably upon the rate of load- 
ing and was rather large for these tests because of the slow speed. 

The forming limits (for the annealed conditions) at room tem- 
perature were highest for the alloys of Group I-A, 3S-O and 528-0, 
and for two alloys of Group I-B, 61S-O and R3010, while 75S-O 
and 248-O, both bare and clad, exhibited only approximately 70 
per cent of the forming capacity of the other alloys. With in- 
creasing temperature the difference between 245-O and the 


- other alloys was retained, while 75S-O showed almost as high 


strain values as the more ductile alloys, and markedly higher 
strain values than 248-O, at temperatures between 200 and 350 F. 
The alloys of Group II-A, Figs. 18 to 20, inclusive, aged at room 
temperature, were in general more responsive to the effect of 
temperature in the lower temperature range, but at the higher 
testing temperatures did not increase to definitely higher strain 
values than the respective artificially aged conditions. 

The forming limits for the aged conditions were highest for the 
alloys R301-W, 618-T, and surprisingly also R301-T, for practically 
the entire range of temperatures investigated. 

The alloy 61S-W showed rather low strain values in comparison 
to the other alloys of this group, and were not appreciably higher 
than 248-T. ‘ 
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Testing temperatures up to 250 F caused practically no change 
in the forming limits for all aged conditions of the alloy 248, but 
slight improvement in formability was observed for all these 
alloys at still higher temperatures. 

The lowest strain values occurred in 24S-T86 and 24S-RT, while 
248-T and 24S-T81 were intermediate. 

Artificial aging of 24S-T and 248-RT to 248-T81 and 248-T86, 
respectively, caused a surprisingly small reduction in the forming 
limits by not more than 1 to 2 per cent, when tested at room tem- 
perature, Figs. 18, 19, 21, and 22. However, the results at testing 
temperatures in excess of 200 to 300 F revealed that the arti- 
ficially aged alloys have the higher forming limits after passing 
through a minimum at 200 F. 

The cold-rolling of 248-T clad, resulting in 24S-RT clad, Figs. 18 
and 20, caused the expected reduction in strains by approximately 
5 per cent, but this effect could not be recognized for 24S-RT bare, 
the strain values of which scattered within wide limits; with in- 
creasing temperatures this difference between the forming limits 
for 24S-T clad and 24S-RT clad, gradually decreased. 

The alloys of Group II-B, the artificially aged conditions, Figs. 
21 to 24, inclusive, were markedly affected by testing at higher 
temperatures, and between 300 and 400 F their forming limits 
exceeded those of the room-temperature-aged conditions. 

The forming limit for R301-T, and to a smaller extent for 
R3801-W, 615-W, and 618-T, materially increased with increasing 
temperature, particularly at slightly elevated temperatures. 
The alloys 75S-T and R303-T, possessed very low forming limits 
at room temperature; however, the strain values for these alloys 
at temperatures above 200 and 300 F, respectively, exceeded 
those of 248-T. Alloy R301-T values were not appreciably differ- 
ent from R301-W, except that the latter showed a slight minimum 
in the forming-limit curve for the tests in the range 300 to 400 F. 
Both alloys had identical forming limits at 450 F, 

Regarding the absolute strain values, some recept results show 
these values to be appreciably increased by increasing the sheet 
thickness using the same die diameter. 


REDUCTION IN THICKNESS AT FAILURE 


The rather large variations of the values of reduction in thick- 
ness do not permit a clear evaluation of this metal property, which 
measures the (local) ductility, Figs. 14 to 24, inclusive. 

Of the two nonaging alloys of Group I-A, 38-O was slightly 
superior and more affected by elevated temperature than was 
5280. 

Of the annealed conditions of the age-hardenable alloys, 
Group I-B, 618-O possessed by far the highest ductility at lower 
temperatures, even better than 52S-O. However, the other 
alloys approached such a high ductility with increasing tem- 
peratures: 75S-O above 250 F, R3010 above 400 F, and 24SO, 
both bare and clad, apparently above 450 to 500 F, Figs. 15 to 17, 
inclusive. 

The forming temperature up to 450 F had only a compara- 
tively slight effect on the ductility of the room-temperature-aged 
alloys, Group II-A, Figs. 18 to 20, inclusive. The reduction in 


thickness of the various conditions of 24ST increased continu- ‘ 


ously with increasing temperature, at a rate of 2 to 3 per cent 
(ductility) per 100 deg F, up to a value which was approximately 
1/3 higher at 450 F than at room temperature. The other two 
alloys investigated, 61S-W and R301W, showed a peculiar maxi- 
mum in the range of 200 to 250 F, followed by a minimum at 350 
F. Both of these alloys exhibited slightly higher values of reduc- 
tion in thickness than 24S-T clad, over the whole range of tem- 
peratures tested, while 24S-T bare, 24S-RT clad, and 248-RT bare, 
were inferior to 248-T, by approximately 5 to 10 per cent (duc- 
tility). 

Of the alloys of Group II-B, the artificially aged conditions of 
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24S-T were only slightly affected regarding their ductility at tem- 
peratures up to 250 F, while their ductility increased considerably 
between 250 and 350 F, and then approached or even exceeded 
that of the corresponding room-temperature-aged condition, 
Figs. 21 and 22. The ductility of R301-T improved markedly at 
temperatures slightly above room temperature, and then con- 
tinued to increase at a slow rate with further increasing tem- 
perature. On the contrary, the ductility of 75S-T and R303-T 
appeared to increase at a steadily increasing rate, at tempera- 
tures exceeding 150 and 200 F, respectively. Both at room tem- 
perature and at approximately 400 F, the ductility of the alloys 
24S-T81 clad, R301-T, 75S-T and R303-T, was approximately the 
same and considerably higher than that of 24S-T86 clad, 24S-T81 
bare, and 24S-T86 bare. At temperatures between 200 and 300 F, 
however, the ductility of the alloys R301-T and 75S8-T exceeded 
that of 24S-T81 clad, and also that of 24S-T clad. 


EFFECTS OF CLADDING 


A comparison of the respective clad and bare aged conditions 
of the alloy 24S revealed a rather pronounced effect of the clad- 
ding on the forming limits and local ductility (reduction in thick- 
ness). These values were considerably more uniform for the clad 
than for the bare alloys. In particular, quite uniform strain values 
could be obtained for 24S-T clad, 24S-T81 clad, 245-T86 clad, and 
24S-RT clad, while extreme variations were encountered in 
248S-RT bare, and 24S-T86 bare. 

The reduction in thickness of the clad alloys was slightly 
larger than that of the bare conditions, on the average, by 5 per 
cent (0 to 10 per cent ductility). 

On the contrary, the forming limits were frequently higher for 
the bare alloys, and very high values were occasionally en- 
countered in both 24S-RT bare, and 248-T86 bare. No explana- 
tion can be given for these peculiar findings. The higher stretch- 
ing ability of bare alloys, however, cannot be utilized because of 
their larger variations, and the minimum values of the bare and 
clad conditions usually differed only slightly. 

Alloys 248-O clad, and 248-O bare possessed almost identical 
forming limits, while the reduction in thickness was slightly 
higher for 248-0 clad. 

As was to be expected, the bursting pressures were, on the 
average, approximately 10 per cent higher for the bare alloys than 
for the clad alloys, other factors being equal. 


Types OF FRACTURE AND DEFECTS 


While most of the blanks tested failed by splitting close to the 
crown in the longitudinal direction, the final appearance of a 
bulge after the test appeared to be determined primarily by the 
ductility of the alloy, Fig. 1. The various types of failures ob- 
served are diagrammatically illustrated by plan views in Fig. 25. 
The ductile alloys generally formed several variations of single 
cracks, without branches, which were designated by ‘‘D-1” and 
“T)-2,.” The brittle alloys ruptured in various manners, types 
“B-1” to “B-4” exhibiting a well-defined straight primary crack 
with several secondary branches which appeared to be caused by 
rather violent failure of the bulge. 

Two variations of ductile failures were observed. The one con- 
sisted of a straight crack, running, without exception, in the 
longitudinal direction, type ‘“D-1,” Figs. 1 and 25. The other, 
type ‘‘D-2,”’ apparently started as a short crack but continued 
circumferentially to one side of the crack, forming a more or less 
C-shaped flap rather than a straight split. While the straight 
split was found to occur always in the longitudinal direction, not 
more than 1/2 in. away from the crown, the center of the flap-type 
erack ran longitudinally with some alloys, but with others 
(R301 and 758) in various directions; however, it also approached 
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the crown within a distance of less than 1/2 in.§ Only in three in- 
stances (24S-O bare, at 345 and 375 F, and 528-0 at 285 F), a 
branch in the fracture was observed for a ductile alloy. 

The type of failure of the heat-treated alloys, Groups II-A and 
II-B, differed for the various specimens of each alloy. Most of 
the specimens exhibited a longitudinal primary crack, while a 
smaller number showed a pronounced transverse crack, and a 
still smaller number possessed a center crack at different angles to 
the rolling direction. Apparently, the more brittle the speci- 
men, the more violent was the bursting and the more branched 
was the fracture. 

With increasing temperature, the cracks usually became shorter 
and more regular, and in some instances, degenerated into a pin- 
hole at the highest temperature used. 

Rather pronounced orange peel was also encountered in the 
alloy 61S-W, and slight orange peel in the alloys R301-0, 75S-O, 
248-RT clad, 24S-T81 clad, 248-T86 clad, 75S-T (at higher tem- 
peratures). The results of the investigation do not appear to be 
markedly affected by this condition. 

The heat-treated alloys, with the exception of 61S-W and 61S-T, 
exhibited pronounced heat warping (‘‘oil-canning’’) after the 
tests. 


8 Only at the highest temperatures some fractures occurred farther 
apart from the pole of the bulge associated with a rather irregular 
strain distribution. This is explained by temperature variations as 
previously mentioned. 


Tests in which some draw-in occurred because of insufficient 
hold-down pressure were discarded, as were the results for a few 
specimens which yielded pinhole fractures because of slight 
irregularities in the sheet. The strain values of these specimens 
were generally lower than those of perfect specimens. 

Little difficulty was caused by failure at the radius. A few 
specimens of the alloy, 24S-T86 bare broke at the radius at low 
pressures and exhibited a peculiar small fold extending toward 
the inside of the bulge into the oil. Also, one specimen of 248-T 
clad failed at the fadius when tested at a temperature of 525 F. 


CONCLUSIONS 


The pressure required to burst a sheet with a circular area ex- 
posed to gradually increasing hydraulic pressure on one side is, 
according to the theory of strength, a function of the tensile 
strength of the metal, and the thickness and curvature of the 
part at the moment of failure. However, as far as the effect of 
increasing temperature is concerned, the bursting pressure fol- 
lows much the same trend as the tensile strength, according to 
previous investigation (3). On the contrary, the relation be- 
tween different alloys is clearly different in the bursting test than 
in the tensile test. Of the artificially aged alloys of very high 
strength, only 75S-T exceeded 248-T in bursting strength at room 
temperature, while 24S-RT, 24S8-T81, 24S-T86, and R301-T ex- 
hibited a lower bursting strength than 248-T. No explanation 
can be given for this phenomenon, at present. 

The general significance of the two strain values, namely, the 
forming limit and reduction in thickness (area), used as metal 
characteristics and supplied by the tests on circular bulges, and 
their relation to the corresponding strain values supplied by the 
tensile test, is also obscure at present. In a tensile test the form- 
ing limit is the uniform strain or “infinite gage length elongation” 
and is entirely independent of the contraction in area at failure, 
or “zero gage length elongation.”’ On the contrary, the bursting 
tests yielded forming limits, which always apparently paralleled 
the reduction in thickness (or area) at failure. 

This also conforms to the fact that the forming limits of the 
bulges considerably exceeded the uniform tensile strain, and in 
most instances the conventional 2-in-gage-length elongation (3). 
No exception to this rule was observed in these tests. However, 
if the metal should possess an extremely low ductility, i.e., con- 
traction in area, this should be exhausted in a bulge test earlier 
than in a tensile test, and a forming limit in bulging below that in 
tension could be expected. 
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by K. Cornell, American 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until March 11, 1946) 
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: Discussion 


In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Commitee on Publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 
paper. 


Aceleration Damper: Development, 
Design, and Some Applications’ 


B.S. Carn.2 This interesting paper develops the mathemati- 
cal theory of the acceleration damper by analytical methods. 
The authors wish ‘‘to give a clear step-by-step picture of the 
mechanism of the acceleration damper and thereby facilitate 
handling of transient cases, effect of rebound, and extension of 
theory to modified cases.” A graphical method, however, seems 
also to be effective in these cases. If we plot the two limits of 
motion of the mass particle against time, then, in any steady mo- 
tion, it can easily be seen that the particle stays at one limit until 
this passes through a point of inflection, after which the particle 
moves freely until it again reaches a limit. 

Taking the case of sinusoidal motion, the kinetic-energy loss 
per cycle is easily obtained for any conditions. It can also be 
seen at once that the maximum damping is obtained when the 
free path of the particle is x times the semiamplitude of the mo- 
tion, as given in the paper. This simple graphical method lends 
itself to a clear picture of the operation, with easy calculation of 
the results. It is easy to introduce the effects of any wave-shape, 
of transients, of rebound, and of friction. 

The graphical method is particularly adapted to practical de- 
sign and analysis of behavior, because the whole picture can be 
seen at once, and it is not necessary to use Dirac functions or 
even the calculus to obtain practical results. The results of 
graphical analysis can be used for correlation with viscous 
damping without difficulty. In view of the advantages of the 
graphical method, it would be interesting to know if the authors 
have used it and what disadvantages they have found in com- 
parison with the methods which they describe. 

The experimental results and the application to flutter analysis 
show that a simple and easily understood theory of the accelera- 
tion damper is of real value, and the authors are to be congratu- 
lated on their contribution. 


Harry Frisseu.2 The authors state that theoretical calcula- 
tions show the acceleration damper to be effective in raising the 
flutter speed, but this had not been confirmed by experiment. 
In’an earlier paper,t H. Voight mentions briefly the results of 
model experiments using this same device in an aileron, ~ 


1 By Paul Lieber and D. P. Jensen, published in the October, 1945, 
issue of Trans. A.S.M.E., vol. 67, pp. 523-530. 

2 Assistant Engineer, Locomotive Division, 
Company, Erie, Pa. Mem. A.S.M.E. 

3 Research Engineer, Curtiss-Wright Corporation, 
Division, Research Laboratory, Buffalo, N. Y. 

4 “Weitere Versuche tiber Tragfliigelschwingungen,” by H. Voight, 
Jahrbuch der Deutschen Luftfahrtforschung, part 1, 1938, pp. 249- 
258 (‘Further Experiments on Wing, Vibration,” R.T.P. Translation 
no. 874). 


General Electric 


Airplane 


In the latter case it was called a “disturbance damper.” A 
plot of vibration amplitude versus dynamic pressure shows that 
for an aileron mass, balanced with a disturbance damper, the 
critical dynamic pressure is 4 times that for an aileron with 
damper inoperative. Also, if cork plates were used for the bot- 
tom of the container holding the balls, the critical dynamic pres- 
sure was approximately twice that of an aileron with damper in- 
operative. When the damper is inoperative, the vibration am- 
plitude increases rapidly as the velocity approaches the critical 
value. With the damper acting, the vibrations at first commence 
in the same way. The balls then break away from their support 
when 1g acceleration is exceeded, and the amplitude is constant 
with increasing velocity. The function of the damper is to upset 
the phase relations necessary for flutter. When the impact en- 
ergy of the damper can no longer upset the phase agreement 
sufficiently, the amplitude again rises sharply. 


AurHors’ CLOSURE 


The authors appreciate that Mr. Cain has brought to their at- 
tention an interesting graphical method for determining the 
characteristics of the acceleration damper. It is believed that the 
graphical method proposed by Mr. Cain will prove especially 
useful when the effects of viscosity, friction, etc., on the motion 
of the particle are considered. It is noted that in spite of the 
involved mathematical treatment contained in the theory, the 
essential formulas used in the design of an acceleration damper 
for a specific application are simple algebraic equations and there- 
fore the authors have not given consideration to graphical 
analysis. 

The authors wish to bring to Mr. Frissel’s attention that the 
type of acceleration damper considered in the theoretical investi- 
gation of its effect on the flutter characteristics of an airplane em- 
bodies a structural feature which is essential to its efficient opera- 
tion and which is not contained in the disturbance damper de- 
scribed by H. Voight.‘ It isnoted that the theory of the accelera- 
tion damper assumes that a gravitational or any other constant 
field does not act on the moving mass. Therefore this theory 
does not describe the behavior of a disturbance damper in which 
the motion of the particle perpendicular to the earth is acted 
upon by an acceleration of g. Since this paper has been sub- 
mitted for publication, the authors have embodied in their ac- 
celeration damping device a structural means for realizing in 
practice a physical configuration treated by the theory. This 
feature ascertains the functioning of the damper and its effective 
operation for all accelerations however small, which is essential 
in order that the damper operate effectively in controlling flutter. 
The device described by Mr. Voight is not effective until accelera- 
tions of g or greater are attained. It is also noted that the dis- 
turbance damper cannot be designed to operate as effectively as 
the acceleration damper even when accelerations of g are ex- 
ceeded, since the effect of the gravitational field changes the phase 
angle between the mass particle and the motion of the configura- 
tion which is being damped. As demonstrated by the theory, the 
selection of a suitable phase angle and its maintenance are espe- 
cially important for the efficient operation of the acceleration 
damper. Herein lies one of the essential differences between the 
acceleration damper and the disturbance damper described.’ 

Another significant consideration embodied in the design of an 
acceleration damper is that the length of the free path of the moy- 
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ing mass is definite and is determined by Equation [13] of the 
paper. This dimension determines the phase angle such that 
the damper can operate at maximum efficiency. This design 
criterion is not included in the description of the disturbance 
damper given by Mr. Voight. 


Figs. 4, 5, and 6, in which the effect of the gravitational field is 
not considered, were intended to describe the structure of the ac- 
celeration damper schematically. 

The authors regret that this was not given more emphasis in 
the original paper. 


Jet Propulsion and Rockets for 
- Assisted Take-Off 


By M. J. ZUCROW,? AZUSA, CALIF. 


This paper discusses the two kinds of jets which may be 
used for propelling bodies through the atmosphere: (a) 
Highly heated compressed atmospheric air admixed with 
products of combustion formed by burning a fuel in the 
air; the thermal energy of the fuel being employed to raise 
the air temperature. This type is known asa “‘thermal- 
jet engine.’ (6) A jet formed by generating large quan- 
tities of gases by chemical reaction. The equipment in 
which such a jet is produced is known asa “rocket motor.’’ 
Operating principles and estimated performance char- 
acteristics of thermal-jet engines are treated, and certain 
unrestricted information on the use of rocket motors or 
“Jato’’ units for assisted take-off of aircraft is presented. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


T = propulsion thrust, lb 

G = weight flow, lb per sec 

g = acceleration due to gravity, ft per sec per sec 
w = relative exit velocity of jet, fps 
V 

c 

a 


= flight speed, fps 
= absolute exit velocity of jet, fps 
= acoustic velocity, fps 


G 
m = — = mass flow, slug per sec 
g 


P, = thrust power (TY), ft-lb per sec 
P, = exit loss, ft-lb per sec 
P = propulsion power, ft-lb per sec 
c, = specific heat, Btu per lb per deg F 
D = diameter, ft 
M = Mach number 
T, = temperature of entering air, deg R 
T,. = temperature at entrance to compressor, deg R 
T; = temperature at end of isentropic compression, deg R 
T, = temperature at end of actual compression, deg R 
T; = temperature of air entering turbine, deg R 
T; = temperature at end of isentropic expansion from tur- 
bine inlet pressure to turbine back pressure, deg R 
T; = temperature at end of actual expansion in turbine, deg R 
T; = temperature at end of isentropic expansion from tur- 
bine back pressure to atmospheric pressure, deg R 


pray ae 0.2NME for air 
k—1 

6= (P3/Ps)ee= = Eft 

ao— T;/T 

v = V/w = velocity ratio 


1 Based on parts of Chapters 4 and 8 of the book, ‘‘Principles of 
Jet Propulsion,’’ by the author, to be published in 1946, by John 
Wiley & Sons, Inc., New York, N. Y. 

2 Aerojet Engineering Corporation. Mem. A.S.M.E. 

Contributed by the Aviation Division and presented at the Avia- 
tion War Conference, Los Angeles, Calif., June 11-14, 1945, of 
Tue AMERICAN Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


= density, slug per cu ft 

n = over-all efficiency = n;np 
n; = internal efficiency 

np = propulsion efficiency 

Ne = compressor efficiency 

nm, = turbine efficiency 


> 
| 


Subscripts: 
a = alr 
f = fuel 


INTRODUCTION 


In its broadest sense, the term jet propulsion refers to the 
art of propelling a body by the reaction or thrust of a fluid jet. 
There is no limitation, in general, upon the conceivable means 
which may be employed to produce the jet. Furthermore, the 
working fluid may be a liquid, vapor, heated air, the gaseous 
products of a chemical reaction, or combinations of these. How- 
ever, when it comes to propelling bodies through the atmosphere 
by jet propulsion, the jet may be one of two kinds. 

1 There is the jet consisting of highly heated, compressed, 
atmospheric air admixed with the products of the combustion 
formed by burning a fuel in the air; the thermal energy of the 
fuel being employed to raise the air temperature. A jet of this 
type will be termed a “‘thermal jet,’’ and the equipment utilized 
for producing it will be termed a “‘thermal-jet engine.” 

2 There is also the jet formed by generating large quantities 
of gases by a chemical reaction. These gases are usually pro- 
duced by reacting a fuel with a chemical oxidizer, but reducing 
reactions are not ruled out. The significant thing is that at- 
mospheric oxygen does not enter into the chemical reaction, which 
is therefore independent of the atmospheric surroundings. 
A jet produced in this manner will be termed a ‘‘rocket jet,” 
and the equipment wherein the chemical reaction takes place, 
including the discharge nozzle, will be called a “rocket motor.” 

This paper discusses certain basic features of jet propulsion 
as a mode of propelling bodies through the air. In this connec- 
tion, the comments on thermal-jet engines will be restricted to 
operating principles and estimated performance characteristics. 
Another purpose of this paper is to present certain unrestricted 
information on the rocket motors used for the assisted take-off 
of aircraft, commonly referred to as “Jato” units. 


REACTION AND MoMENTUM PRINCIPLES 


The fundamental operating principle of any jet-propulsion de- 
vice is the “‘action-equals-reaction”’ principle known as Newton’s 
third law of motion. This states: ‘“To every action there is an 
equal and opposite reaction.’ This principle is exceedingly 
common in Nature, and is so well known to engineers that it 
merits little discussion here. It should be noted, however, that 
where motion of a body through a fluid medium is concerned, the 
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reaction principle predominates.* Thus the screw employed for 
propelling a ship, the propeller for moving an airplane, and jet 
propulsion all operate by virtue of this principle. In every one 
of these cases a fluid is accelerated in the direction opposite to 
that of the desired motion for the body, and the reaction due to 
the acceleration produces a propulsion force or thrust in the 
direction of motion, The magnitude of the propulsion force is 
determined by applying the momentum principle, “the rate of 
change of the momentum of a bounded mass system of discrete 
particles (body of fluid) is equal to the sum of the external forces 
acting on the system.’’4 


Turust EQUATIONS FOR PROPULSION SYSTEMS 


Fig. 1 illustrates the application of the foregoing principles 
to the engine-driven propeller. Since the air reactions on a body 
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depend only upon the relative velocity between it and the air, 
the body may be assumed to be stationary and the air to ap- 
proach it with the actual speed of the body. In the ideal case 
the propeller creates a slip stream as indicated in the figure. The 
air enters the slip stream with the linear velocity V feet per second 
relative to the propeller and leaves it with the exit relative veloc- 
ity w feet per second. If the air flow through the slip stream is 
G pounds per second, then the thrust developed is 


It will be seen that the difference between the characteristics 
of propeller propulsion and jet propulsion is not as great as might 
be assumed. Thus if the propeller and engine are enclosed in a 
duct, so that the propeller acts as a blower or compressor, and the 
air of the slip stream is heated by burning a fuel init, the resulting 
thermal-jet engine is that originally ascribed to S. Campini. 
This arrangement is illustrated in Fig. 2. The essential differ- 
ence between this system and the propeller is that the relative 


3 “Raketenflugtechnik,” by E. Singer, R. Oldenbourg, Munich, 
Germany, 1935. 

4“Fundamentals of Hydro- and Aeromechanics,” by L. Prandtl 
and O. G, Tietjens, McGraw-Hill Book Company, Inc., New York, 
N. Y., 1944, p. 233. 
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Fic. 3. Momentum PRINCIPLE APPLIED TO THERMAL-JET ENGINE 
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exit velocity of the gases (mainly air) has been increased by 
virtue of the addition of thermal energy. The thrust equation 
has the same form, but the thrust per unit mass of air flow is larger 
owing to the increased exit velocity. It should be noted, how- 
ever, that the absolute exit velocity of the gases c = (w — V) 
has also been increased so that the kinetic energy lost in the exit 
gases is also larger. ‘ 

Fig. 3 illustrates the type of thermal-jet engine currently 
the most popular. The major difference between this and the 
Campini system is that the air compressor is driven by a gas tur- 
bine instead of an internal-combustion engine. The patent 
literature discloses many different arrangements for this type of. 
thermal-jet engine. Their apparent differences, however, are 
not basic, but are confined to such features as the type of air 
compressor, the type of turbine, the combustion-chamber ar- 
rangement, and construction details. All of them have the 
same objective, i.e., to compress air, heat it, drive a turbine, and 
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discharge heated gases through some form of nozzle. The most 
successful pioneer in this field has been Air Commodore Frank 
Whittle of the R.A.F. It is interesting to note that his British 
Patent Application, No. 347,206, filed January 16, 1930, illus- 
trated in Fig. 4, embraced all of the necessary elements.’ For a 
review of the patent literature, the reader is referred to a text by 
G. Geoffrey Smith.¢ 

It is seen by reference to Fig. 3 that the equation for the 
thrust developed by this type of thermal-jet engine is given by 


Let G = G, + G, which is approximately equal to G,; since 
G, can be neglected because it is ordinarily less than 3 per cent 
of G,. The equation for the thermal-jet engine then becomes 


(eis Te a 
g ; 


which is identical with Equation [1]. 

The thrust equations for the propeller and thermal-jet propul- 
sion systems can be transformed to show the relation between the 
thrust and the velocity ratio v; the latter being the ratio of 
the velocity of the moving body (V) to the exit relative velocity 
of the fluid (w). Thus for these two propulsion systems 


Equation [4] indicates how thrust developed, per pound of 
fluid flowing through the propulsion system per second, varies 
with the exit velocity (w) and the velocity ratio (v). 

It is seen that as the velocity ratio approaches unity, the 
thrust per pound of air flow per second approaches zero. Conse- 
quently, to develop thrust under conditions close to unity velocity 
ratio, the quantity of working fluid required becomes very large; 
hence a large exit area would be needed for passing the fluid. 
For a fixed velocity ratio the size of the required exit area in- 
creases as the speed of the airplane decreases; hence the propel- 
ler, with its ability to handle extremely large quantities of air at 
velocity ratios close to unity, is well adapted to the propulsion of 
bodies at moderate and low speeds. This is particularly true 
since, as will be seen later, operation close to unity velocity ratio 
gives high propulsion efficiency. 

Fig. 5 is a plot of the thrust per pound of air flow per second 
as a function of the velocity ratio for different flight speeds. In 
the same figure is plotted the ideal propulsion efficiency as a 
function of the velocity ratio. 

Fig. 6 illustrates the jet-propulsion action of the rocket system, 
The arrangement illustrated utilizes the chemical reaction be- 
tween a liquid fuel and a liquid oxidizer; each liquid is termed a 
propellant. The propellants are removed from the supply tanks 
at the constant rate of G pounds per second. They may be, 
for example, gasoline and a sufficient quantity of liquid oxygen 
to burn it completely. At (1) the pressure of the liquids is in- 
creased by a suitable pressurizing means, and at (2) the propel- 
lants are injected into the combustion chamber. As the pro- 

5 Thirty-second Wilbur Wright Memorial Lecture, by Sir A. H. Roy 
peed Journal of The Royal Aeronautical Society, London, Eng., May 

é “Gas Turbines and Jet Propulsion for Aircraft,’’ by G. G. Smith, 


published in the United States by Aerosphere, Inc., 370 Lexington 
Ave., New York, N. Y., 1944. 
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pellants flow through the combustion chamber they react at 
substantially constant pressure, producing large quantities of 
hot combustion gases. The combustion is completed by the 
time the gases reach the entrance to the exhaust nozzle through 
which they expand adiabatically and from which the gases are 
discharged with supersonic velocity. 

If the area ratio for the nozzle is selected so that the gases are 
expanded to the pressure of the atmosphere surrounding the 
nozzle-exit section, then with a constant pressure in the com- 
bustion chamber, the thrust is given by 


where w is the velocity of the exhaust gases relative to the nozzle, 
and is called the ‘‘effective exhaust velocity.’7 


7 “Characteristics of the Rocket Motor Unit Based on the Theory 
of Perfect Gases,’’ by F. J. Malina, Journal of The Franklin Institute, 
vol. 230, 1940, pp. 433-454. 
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It should be noted that whereas the thrust developed by the 
propeller and the thermal-jet engine depends upon the difference 
between the relative exit velocity of the gases and the speed of the 
propelled body, the thrust of the rocket motor is independent of 
the motion of the rocket system; it depends only upon the ef- 
fective exhaust velocity of the rocket jet. 

Fig. 7 illustrates a rocket motor utilizing a solid propellant, 
fuel plus oxidizer. This is the type of rocket motor used most 
extensively for Jato. To obtain the desired action the propel- 
ant characteristics must be such that the propellant burns at a 
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uniform rate in layers perpendicular to the motor axis, that is, 
the burning is restricted to take place in one direction. One way 
of accomplishing this is by bonding the propellant stick and the 
steel walls of the motor with a special flexible sealing material, 
or liner, which allows the propellant stick the freedom of motion 
it requires for adapting its shape to the deformations produced by 
the gas pressure, thermal expansion, and internal stresses. The 
thrust equation for the solid-propellant rocket motor is, of course, 
identical with that for the liquid-propellant system. 


PROPULSION POWER AND PROPULSION EFFICIENCY 


By propulsion power is meant the total power furnished the 
propulsion system. A portion of this power is converted into the 
thrust power required to maintain motion; the thrust power being 
the product of the thrust developed and the speed of the pro- 
pelled body. The difference between the propulsion and thrust 
powers depends on the energy losses associated with the pro- 
pulsion system. The ratio of the thrust power to the propulsion 
power is termed the propulsion efficiency and is denoted by 7). 
Obviously, to obtain high values of propulsion efficiency the 
energy losses must be kept small. 

The propulsion power P of the engine-driven propeller is the 
power supplied to it by the engine. In the thermal-jet engine 
the propulsion power is derived from the thermal energy of the 
fuel burned in the combustion chamber. For the rocket motor, 
the propulsion power comes from the heat of reaction of the fuel 
with the particular oxidizer employed. For all of these systems 
the energy loss, in the ideal case, is that associated with the ki- 
netic energy of the fluid being ejected from the propulsion system. 
This is called the leaving or exit loss P; and is given by 


Obviously, the prerequisite for a small exit loss is a low value 
for the absolute exit velocity of the propulsion fluid. 

For all three propulsion systems, if it is assumed that the only 
energy loss is the exit loss, the propulsion power must be equal 
to the thrust power TV, plus the exit loss P;. The ideal propul- 
sion efficiency for each system is given by a general equation of the 
form 
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By substituting for the thrust and the exit loss from the pre- 
ceding equations, the ideal propulsion-efficiency equations for 
each system are obtained; thus 


(a) Ideal Propeller: 


i em ae Bee Ne (8) 
np P V+ iD Se as ae 
(b) Ideal Thermal-Jet Engine: 
— _ 2V 1G, + G) w—G,V] 
G+ Gut —G— GV? 
If G, is neglected so that G = G, = G;, then 
hy 2v 
| as 5 
(c) Rocket Motor: 
TV 2V Qv 
= = ——— = . {9 
np w+ ve {9} 
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It is seen from the foregoing that the propeller and the thermal- 
jet engine have identical ideal propulsion-efficiency equations 
and that their efficiencies depend upon the velocity ratio. It 
should be noted, however, that for these propulsion devices 
operation at unity velocity ratio is impossible because the thrust 
then falls to zero. For these two propulsion systems the relation 
between the thrust power and the velocity ratio is 


G 
— w? (1 — v)p 
g 


Jie eS . (10) 
This equation shows that for a constant rate of fluid flow G, the 
thrust power is a quadratic function of the velocity ratio. The 
maximum value for the thrust power is obtained under these 
conditions when the velocity ratio is » = 0.5.. The correspond- 
ing value of the propulsion efficiency is then np = 0.667. It is 
seen therefore that the velocity ratio for maximum thrust power 
and maximum propulsion efficiency are different. 

In the case of the rocket jet, the thrust depends directly on 
the exhaust-gas velocity w. Consequently, operation at unity 
velocity ratio or higher is a possibility. Thus assume that w = 
6000 fps, then at unity velocity ratio the body propelled by the 
rocket-jet motor must be traveling at a speed of 4100 mph. . Fig. 
8 shows the effect of flight speed on the propulsion efficiency of a 
rocket jet, based on w = 6000 fps. Obviously, the rocket jet is 
an extremely inefficient propulsion device at travel speeds com- 
parable to those attained by the fastest fighter aircraft. 

Fig. 9 presents the estimated propulsion-efficiency curves for 
the propeller, thermal jet, and rocket jet at 20,000 ft altitude.® 
The propeller and thermal-jet curves intersecting at 550 mph 
indicate that the propeller is the more efficient at speeds below 
that value. These two efficiency curves intersect at lower speeds 
with increasing altitude. At 30,000 ft, for example, the inter- 
section point is at 450 mph. The rocket jet has a very low pro- 
pulsion efficiency except at extremely high speeds of travel. 

The over-all efficiency 7, of any of these propulsion systems 
is, of course, the product of the thermal efficiency of the power ~ 
plant (or the internal efficiency 7;) and the propulsion efficiency 


8 “The Elements of Aerofoil and Airscrew Theory,” by H. Glau- 
ert, The Macmillan Company, New York, N. Y., 1943, p. 203. 

9 “Aircraft Power Plant; Past and Future,”’ by Sir A. H. Roy. 
Fedden, Journal of The Royal Aeronautical Society, vol. 48, 1944, pp. 
443-457. : 
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PROPULSION EFFICIENCY 7), 


FLIGHT SPEED IN MPH 


Fie. 8 Errect or FLrichT SPEED ON PROPULSION EFFICIENCY OF 
Rocker Motor 
(Based on w = 6000 fps.) 
Table 1 relationships 


np); thus 7 = np. summarizes the 


just discussed. 


TABLE 1 THRUST AND POWER RELATIONSHIPS 
Propeller and thermal jet Rocket jet 
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G = fluid flow, lb per sec 
V = true air speed, fps 
w = relative exit velocity of propulsion fluid, fps 


PROPULSION PowrR AND DiIscHARGE ARBA 


Fig. 10 is a plot of the so-called propulsion parameter 


VW D*o/P, as a function of the ideal propulsion efficiency. This 
curve is applicable to the engine-driven propeller and the thermal- 
jet engine. When applied to the propeller, D is its diameter, p 
is the atmospheric density, V is the airplane speed, and P is the 
power furnished by the engine. For the thermal-jet engine, D 
is the diameter of the discharge jet, p is the density of the jet 
gases, and the propulsion power P is calculated from the increase 
in the kinetic energy of the gases entering and leaving the system; 
thus 
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10 Tt has been assumed that the density of the air is increased 15 
per cent in passing through the actuator disk. 
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The equations relating the propulsion parameter and the idea] 
propulsion efficiency are presented for reference as follows: 
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1.364 np 
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11 Reference 8, p. 204. 
122“The Modern Gas Turbine,” by T. Sawyer, Prentice Hall, 
Inc., New York, N. Y., 1945, p. 178. 
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The curve gives the maximum attainable propulsion efficiency 
for either type of propulsion system. It is seen that to obtain 
high values of efficiency with low airplane speeds, D must be large, 
assuming the other factors constant. This operating condition 
is most readily met with propeller propulsion. 

When flight speeds in excess of 500 mph are considered, there 
arise problems connected with the engine size, as well as those 
due to the effect of compressibility of the air upon the propeller ef- 
ficiency, for the power requirements increase as the cube of the 
airplane speed. Thus if it takes 1200 hp to propel a given air- 
plane at 360 mph at a given altitude, it would require an en- 
gine developing approximately 3200 hp to propel it at 500 mph, 
assuming all other factors remained unchanged. This calls for a 
heavy and complex power plant, even if this power can be fur- 
nished by a single engine. On the other hand, the thrust power 
for attaining this speed can be obtained from a thermal-jet en- 
gine of relatively light weight, with a jet diameter of 1 ft and an 
exhaust velocity of approximately 1500 fps. 

Reciprocating internal-combustion engines for large power 
outputs require a multiplicity of accessories which result in an 
increase in their specific weights. Furthermore, they introduce 
complicated installation and maintenance problems. The 
probable trend in the specific weight of large internal-combustion 
engines, as estimated by Sir A. H. Roy Fedden, is presented in 
Fig. 11. 
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The efficiency of an actual propeller will be approximately 
0.85 of the ideal propulsion efficiency, or 0.833. This is due to 
various factors neglected by the momentum theory, such as whirl 
energy imparted to the slip stream, nonuniformity of the thrust 
distribution over the blades, blade-profile drag, and periodicity 
of the flow. 

It was shown previously that to obtain the maximum propul- 
sion power from a thermal-jet engine, the velocity ratio should be 
approximately 0.5. The propulsion efficiency for this condition 
is 0.667. Assuming the operating data used for the propeller 
previously discussed, and the discharge temperature for the jet 
at 1200 deg R, so that p = 0.00102 slug per cu ft, then the pro- 
pulsion efficiency is about 68 per cent of that obtainable with an 
ideal propeller; the further assumption being made that the 
propeller is unaffected by compressibility. To obtain the same 
ideal propulsion efficiency as that for the propeller, the velocity 
ratio must be decreased, with the consequence that the required 
diameter of the jet becomes very large. 


THERMODYNAMIC ANALYSIS OF THERMAL-JET ENGINE 


The analysis presented here is based on the following sim- 
plified assumptions: 

(a) There is full recovery of the dynamic pressure of the 
entering air (100 per cent ram). 

(b) There is no change in the mass rate of flow of fluid pass- 
ing through the engine. 
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(c) There is no change in the chemical composition of the 
working fluid, it being assumed to be air at all sections of the flow 
path. 

(d) The working fluid (air) behaves in accordance with the 
laws of perfect gases; the effect of temperature on the specific 
heat of the air is neglected. 


The inaccuracies introduced by the foregoing assumptions 
are so small that for the practical purpose of obtaining.a general 
insight into the behavior of the thermal-jet engine they are well 
justified. The advantage of this form of analysis is that general 
equations for the various performance characteristics can be 
derived. 

Fig. 12 illustrates the thermodynamic process involved 
on the temperature-entropy (T-S) plane. The processes have 
been explained in the foregoing and are denoted on the diagram. 
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The object of the analysis .is to obtain equations for the tem- 
peratures at the state points indicated on the diagram in terms 
of the temperature of the entering air and its Mach number. 
These equations are listed in the diagram. From them the 
equation for the temperature difference (7, — 7's), corresponding 
to an isentropic expansion through the nozzle, is readily obtained. 
Fig. 13 presents values of this temperature difference as a func- 
tion of Mach number for five different altitudes ranging from 
sea level to 40,000 ft. 

Since the temperature difference (7; — 17 5) is proportional 
to the isentropic enthalpy change for the expansion in the nozzle, 
the exhaust velocity of the jet is readily calculated; thus 


w = 223.7 V c, (T7— T») X nozzle coefficient .... [12]. 
where c, = 0.24 Btu per lb per deg F. 
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In calculating the performance characteristics the nozzle 
velocity coefficient was assumed to be unity. 


PERFORMANCE CHARACTERISTICS OF THERMAL-JET ENGINE- 


Fig. 14 illustrates how the jet velocity varies with the true air 
speed, in miles per hour, at different altitudes. The rapid in- 
crease in jet velocity with higher air speed is due to full recovery 
of the dynamic pressure of the air. Since the thrust developed 
by the engine depends upon the velocity difference (w — V), 
it is important to design the intake system so that the ram re- 
covery is high. 

Fig. 15 illustrates how the weight rate of air flow through the 
system varies with Mach number, with the compressor running 
at constant speed. 

Fig. 16 shows the effect of true air speed on the thrust and the 
fuel consumption per pound of thrust. Assuming that the fuel 
has a calorific value of 18,000 Btu per lb, it is seen that the ratio 
of the static thrust to flight thrust is considerably less than it is 
for a variable-pitch, constant-speed, engine-driven propeller. 
As a result of the ram effect, the thrust increases at higher air 
speeds after passing through a minimum point. The fuel con- 
sumption per pound of thrust increases with flight velocity at all 
altitudes. Its rate of increase, however, diminishes somewhat 
with increasing altitude at speeds in excess of 250 mph. 

Fig. 17 compares the thrust characteristics of the adjustable- 
pitch propeller with that of a thermal-jet engine. The basis of 
comparison is the fact that both propulsion systems provide 
equal thrusts at 375 mph." 


13 ‘Gas Turbines in Aircraft,’’ by C. D. Flagle and F. W. Godsey, 
Jr., Western Flying, June, 1945, p. 58. 


Le 


2300}—_—_— LAT \ 


| 
THERMAL JET PERFORMANCE 


T, *1700R ee 
1c =0.85 all 
7 20.85 


Pp 
-2:3.00 


100% RAM \ | UNITY 


\|_MAGH No. 
= 


2160 


2000+ 


1900 


1800 


40,000 


Lap 


1700) 


SEA LEVEL | | | 


> 
100 200 300 400 500 600 700 800 
AIRPLANE SPEED-MPH 


THERMAL JET EXHAUST VELOCITY vs. AIRPLANE SPEED 


Fic. 14 THerMat-Jet VeLociry Versus True AIR SPEED IN 


WEIGHT FLOW IN LB SEC PER FT‘OF NOZZLE AREA 


Fie. 15 


Mites per Hour 


THERMAL JET-AIR WEIGHT FLOW 
COMBUSTION TEMPERATURE -1700°R 
COMPRESSION RATIO-—3 
COMPRESSOR EFFICIENCY-85% 
TURBINE EFFICIENCY-85% 

100% RAM 


ae a 3 
cai fae ere 

<< 
ae a 


Jl 2 3 4 Ss 6 7 8 -) 1.0 
MACH NUMBER 


Weicur Rate or Arr Ftow Versus Macu NuMBER 


184 TRANSACTIONS OF THE A.S.M.E. 


THERMAL. JET PERFORMANCE 


COMPRESSIDN RATIO 3 
TEME |700°R 
65% 


j \SEA_LEVEL 
—_ 40,000 FT. 


EA LEVEL 


oe ie 
ee *2,000 Ft. 


FUEL CONSUMPTION IN LB/KR PER LB THRUST 


THRUST PER FT" OF NOZZLE AREA-IN 100 LBS 


SPEC, FUE 
THRUST 


' 2 3 4 5 6 7 8 3 10 
FLIGHT VELOCITY IN 100 MPH 


Fie. 16 Trust AnD FurnL Consumption or THERMAL-JET ENGINE 
Versus TrRup Air SPEED ee, 


1.00. 


ADJUSTABLE PITCH 


we PROPELLOR 


RELATIVE THRUSTS 
8 


.20 
JET ENGINE 


° 100 200 300 400 500 
FLIGHT SPEED MPH 


Fic. 17 Comparison or PROPELLER AND THEeRMAL-JeT THRUSTS 
Versus True Arr SPEED 


Fig. 18 shows how the thrust horsepower developed by the 
thermal jet varies with flight velocity and altitude. 

Fig. 19 shows how increasing temperature of air leaving the 
combustion chamber affects static thrust and fuel consumption 
per pound of thrust. It is seen that raising the temperature 
greatly increases the static thrust at sea level but this is only at 
the expense of a slightly higher rate of fuel consumption per 
pound of thrust. . 

In the present state of the metallurgical art, operating tempera- 
tures as high as 1750 F are possible. If the present rate of im- 
provement of refractory metals continues, operating temperatures 
as high as 2000 F appear to be probable.'4 As in the case of 


4 “The Gas Turbine in Aviation—Its Past and Future,” by S. R. 
Puffer and J. S. Alford, presented at the Aviation War Conference, 
Los Angeles, Calif., June 11-14, 1945, of Tum Amprrican Socrery 
or MrecHANICAL ENGINEERS. 
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gas-turbine propulsion plants, the maximum benefits derivable 
from higher operating temperatures will necessitate using higher 
pressure ratios, !® 

Fig. 20 presents the static thrust and fuel consumption as func- 
tions of the pressure ratio of the air compressor for a constant 
temperature at the entrance to the turbine. Increasing the pres- 
sure ratio is effective in increasing the thrust and decreasing the 
fuel consumption. 
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The efficiency of the unit, defined as the ratio of the thrust 
horsepower to the fuel supplied, is given by 


2 (¢—1) 


1 = = ee | P< [13] 
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With the assumed machine efficiencies, 7, = 7, = 0.85, and a 
pressure of 3, the efficiency at 500 mph and 20,000 ft altitude is 
approximately 15 per cent. An engine-driven propeller with a 
propulsion efficiency of approximately 60 per cent would give the 
same over-all efficiency. The efficiency, as a function of true air 
speed for different altitudes, is presented in Fig, 21. 

Fig. 22 illustrates the effect of the efficiency of the compressor 
upon the static thrust developed and the corresponding fuel con- 
sumption. It is seen that with a turbine efficiency of 0.85 and a 
pressure ratio of 3, no thrust is developed if the compressor ef- 
ficiency is less than 49 per cent. Increasing the efficiency of the 
compressor greatly reduces the fuel consumption and increases 
the thrust output. As a matter of fact, the efficiency of the 
system is improved by making the ratio of the compression 
work to the available energy of combustion as small as possible.16 


16 “Combustion Gas Turbine,” by F. K. Fischer and C. A. Meyer, 
Electrical Engineering, vol. 63, 1944, pp. 163-169. 

16 ““Reaction of Fluids and Jets,” by R. Eksergian, Journal of The 
Franklin Institute, vol. 237, 1944, pp. 385-410. 
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The thermal-jet engine has made it possible to attain flight 
speeds higher than those obtainable with propeller propulsion, 
Because of its high fuel consumption, it has been widely held 
that its application will be restricted to short-endurance military 
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aircraft. Analyses of its commercial possibilities,!7 based on 
certain assumptions which have to be made at this stage in its 
development, indicate, however, that the jet-propelled transport 
should find a place in the postwar commercial field. ‘These analy- 
ses indicate that for flights of the order of 500 miles, the jet- 
propelled transport provides economical transportation at high 
cruising speeds.!4 Until more of the operating data and actual 
performance characteristics of aircraft equipped with this form 
of power plant become available, the limits of the application of 
the thermal-jet engine to civilian aircraft cannot be stated with 
certainty. 

Too much attention has been focused upon the apparent limita- 
tions of the thermal-jet engine, particularly upon its high fuel 
consumption; but these limitations appear to be related, to some 
extent at least, to the present state of the developments in the 
field of aerodynamics of high-speed flight. Thermal-jet propul- 
sion imposes fewer restrictions upon the airplane designer. The 
commercial future of this method of propulsion depends to a 
large extent on the ability of airplane designers to produce 
airplanes with lower drag. 

Perhaps the most attractive feature of the thermal-jet engine, 
apart from its ability to provide propulsion at high speeds, is its 
simplicity and low weight. Furthermore, this power plant is 
relatively free from vibration, permits using cheaper fuels than 
high-octane gasoline, and should require less frequent major 
overhauls, 

Many problems are presented by the high operating tempera- 
tures required to obtain even fair fuel economy. Since weight 
and space are major considerations, the rate of heat liberation 
per cubic foot of combustion chamber has to be extremely high. 
For it to have reasonable life, its design must be arranged to give 
clean and reliable combustion, and the walls must be kept at 
safe operating temperatures. There are still metallurgical 
problems to be solved if higher operating temperatures are to be 
realized. In addition, there are problems in compensating for 
differences in thermal expansion. The fact that thermal-jet 
propulsion has become a practical reality is an indication, how- 
ever, that great progress has been made in solving these problems. 


7 “Postwar Transport Aircraft,’ by E. P. Warner, Aeronautical 
Engineering Review, 1943, p. 7. 
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Rocket-JET APPLICATION TO ArRCcRAFT; JATO UNITS 


The rocket has been developed to the stage where it should find 
a place as the power plant for short-duration high-speed aircraft 
(German ME 163); for long-range missiles (German V2 bomb); 
for superperformance at altitude, for torpedo drive, and for the 
assisted take-off of aircraft. Furthermore, the high-tempera- 
tufe high-pressure gas-producing capability of the rocket system 
should find application for short-duration turbine drives, or for 
any service where a temporary generation of such a gas can be 
employed for useful purposes. 

In this country the principal application of rockets to aircraft 
apart from their use as weapons, isin the field of assisted take-off. 
Most of the applications have been to flying boats where the 
added thrust of the Jato units has made it possible to take off 
under conditions such that without them successful take- 
off would be problematical. This has increased the usefulness of 
such aircraft for rescue work in forward combat areas. Jato 
units have also been applied to carrier and land-based aircraft. 
As is to be expected, reductions in take-off time and/or dis- 
tance have resulted from their use.'® 

Fig. 23 illustrates graphically the improvement in the sea 
level take-off characteristics of a DC-3 transport when equipped 
with a 1000-lb Jato unit having a duration of 14sec. Fig. 24isa 
similar comparison made at 6000 ft altitude. It is seen that the 
reduction in the distance to clear a 50-ft obstacle is from 4600 ft 
to 3250 ft at sea level and from 5800 ft to 3850 ft at 6000 ft 
altitude. 

Two types of units have been applied; those employing liquid 
propellants, and those employing a solid propellant. To the 
author’s knowledge, the solid-propellant units have found 
the greatest favor, owing to the ease of their installation, and the 
fewer logistic problems introduced by their use. 

A liquid-propellant rocket system is ordinarily controlled 
from a single electric switch operated by the pilot. The switch 
actuates an electric control valve, thereby causing an inert pres- 
surizing gas to communicate with the propellant tanks. The 
pressurizing gas passes through a regulating valve which main- 


18 “Take-Off Analysis for Flying Boats and Seaplanes,” by E. G. 
Stout, Aviation, Oct., 1945, pp. 137-141; Nov., 1945, pp. 140-146, 
and Dee., 1945, pp. 163-166. 
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EFFECT OFJET ASSISTANCE ON THE 
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tains the gas pressure on each propellant tank at a constant value. 
This gas is also utilized for actuating the propellant flow control 
valves located upstream relative to the injector which introduces 
the propellants into the motor. No ignition system is employed, 
since the propellants used with this unit react spontaneously upon 
contact with each other. 

Liquid-propellant Jato units have been constructed so that 
they can be mounted either as fixed installations in the aircraft, or 
so that they can be dropped by parachute after use. Reliable 
liquid-propellant rocket motors have been developed that have 
operated without difficulty for continuous periods of several 


minutes. These motors are light in weight and are cooled by 
circulating one of the propellants around the combustion cham- 
ber and nozzle. For example, a rocket motor of this type de- 
veloping 1500 to 2000 Ib thrust can be built to weigh less than 
45 lb. For security reasons, the design details of this type of 
motor cannot be released, nor can information be presented re- 
garding the developments concerned with propellants or means 
for injecting the propellants into the motor. 

Fig. 25 shows a typical solid-propellant Jato unit which de- 
livers 1000 lb thrust for 12sec. Itis put into operation by means 
of the igniter which is fired electrically. Once the unit has been 
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started it cannot be stopped ‘and restarted, as can the liquid- 


propellant units. 
Fig. 26 shows a PB2Y8 flying boat taking off with these units 


installed to supply additional thrust. 
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(Owing to travel emergency conditions existing when this paper 
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CONCLUSIONS 


Jet-propulsion devices have reached the development stage 
where they must be given serious consideration as a propulsion 
means. Where high-speed flight is of paramount importance, 
the thermal-jet engine has demonstrated its ability to accomplish 
that result. For shorter-duration high-speed flight, the rocket 
jet has potentialities. 

In general, it appears that the future of jet propulsion in the 
postwar commercial field depends upon the success of the co- 
operative endeavors of airplane designers and jet-propulsion 
engineers in securing the maximum benefits offered by this mode 
of propulsion. 
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Bec Heat Convection Through Enclosed 
Plane Gas Layers 


By MAX JAKOB,! CHICAGO, ILL. 


Fifteen years ago, Mull and Reiher published elaborate 
experiments on heat convection through enclosed plane air 
layers. In the present paper it is shown that the repre- 
sentation and evaluation of the results of these experi- 
ments can be simplified, improved, and generalized when, 
as for a single surface in an extended medium, a laminar 
and turbulent range are distinguished. Defining slightly 
modified Nusselt and Grashof numbers with the layer 
thickness L as characteristic length, the experimental re- 
sults for horizontal and vertical layers can be expressed by 
(NNu)~t = Cs(NGr)L", or C,r(NGr)L”(L/H)'", respectively, 
where n = \4 and }¥4 for the laminar and turbulent 
ranges, respectively, and H is the height of vertical layer. 
Comparison with tests of other authors indicates that, 
due to the experimental elimination of any influences 
from the edge of the enclosed layer, Mull and Reiher ob- 
tained relatively low values of the constants C, and C,, 
whereas without particular precaution these influences 
may considerably increase the heat transfer. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


= H-W = area of gas layer 
= constant 
= diameter 
gravitational acceleration 
height of vertical gas layer 
= coeflicient of heat transfer by convection 
= thermal conductivity of gas 

k, = equivalent thermal conductivity, including conduction 

and convection 

k, = equivalent thermal conductivity, superseding radiation 

k, = k, + k, = equivalent thermal conductivity 
_ L = thickness of gas layer 
Near = Grashof number 
Nyu = Nusselt number 

n = constant 

q = rate of heat flow 

q’ =G/A 

t = temperature 

W = width of gas layer 

8 = coefficient of thermal expansion 
kinematic viscosity 
®’, Y = functions 
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Subscripts: 
c = convection 
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= diameter as characteristic length 

= heat flow downward 

= height as characteristic length 

= horizontal gas layer 

thickness of gas layer as characteristic length 
= mean 

= heat flow upward 

= vertical gas layer 

= warmer surface 

= colder surface 
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1 InrRopUcTION 


In his excellent survey on heat transmission, presented in 1932, 
King (1)? dealt only briefly with the subject of heat transfer in 
air layers as ‘‘too involved to allow a complete discussion here.” 
In particular, he had in mind the experimental results for plane 
air layers, published by Mull and Reiher in a not widely known 
supplement to a German magazine (2). It will be seen that. 
these results are less involved than they appear in the original 
paper. The present paper will bring them to a more general 
and simpler representation and show their close relation to equa- 
tions for free convection on horizontal and vertical surfaces. 


2 Mott anp Rerser’s PROCEDURE AND RESULTS 


As a measure for the heat exchange in a gas layer, Mull and 
Reiher used an equivalent thermal conductivity k,, which com- 
bines the effect of convection and radiation and is defined by 


Rest Coe ees es shia «2d (1) 


where k, and k, are themselves equivalent thermal conductivities, 
the first one including the effect of conduction and convection 
and the second one superseding the effect of radiation. 

Whereas k, can be simply calculated, using the laws of radia- 
tion, it requires special experiments to determine k,. Mull and 
Reiher employed two parallel plates, each 40 in. long and 24 in. 
wide, which were separated by air layers. These could be 
divided in different ways so that it was possible to study enclosed 
air layers having areas of 30 to 960 sq in. Air layers of seven 
different thicknesses from 1/, to 73/, in. were employed. One of 
the two plates was an electrical heating plate composed of five 
separate sections and surrounded by an electrical ring- heater. A 
secondary heating plate at the rear side, insulated from the front 
plate and ring, was held at the same temperature as these. Thus 
the main heat flow was confined to the front side from where it 
first crossed the air layer under consideration and then a cork 
plate which served as an auxiliary heat flowmeter. Strips of 
poorly conducting balsa wood, only 80/1000 in. thick, separated 
the air layers from each other and from the surrounding air 
which was in contact with the ring heater. Zinc was the material 
of the heating and cooling surfaces (zinc-plated steel sheets). 
The whole system of plates was surrounded by granulated cork 
and fixed in a wooden frame. This was turnable in a horizontal 
bearing so that the air layer could be brought into horizon- 
tal, vertical, or oblique position. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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The rate of heat flow by convection between a warmer surface 
(subscript 1) and a cooler surface (subscript 2) can be expressed 
by 


qc =k < (t; — t) or q,” = a (ti — fe)... 0.2. (2] 
where 

L = the thickness of gas layer 

A = H-W, area of this layer 

H = height of rectangular area A (when brought into vertical 

position) 

W = width of this area 

t, and t are surface temperatures 

q = 9/4 


Further, from the theory of similarity for air and probably also 
for any other diatomic gases (except under extreme conditions of 
state) 


(Niva)z = Plax) a. L/L, Wy Deere [3] 


where slightly modified Nusselt and Grashof numbers are defined 
by 


ovis Iles 
IN Na) = seeca a ee eee 4 
(Nu) ey yar [4] 
and 
. B 
(Nodn= sl Ci eee ee [5] 
Vv 
with 
g = gravitational acceleration 
6B = coefficient of thermal expansion of gas 
k = its thermal conductivity 
y = its kinematic viscosity 


the last two properties being taken at the mean temperature 
tm = a(t + b) 
From Equations [3] and [4] 
eh 3 MCN als l/1by WON n oc cneane car [6] 


First considering horizontal layers (subscript h), the experi- 
ments, with heat flow upward, showed that k,,/k is virtually in- 
dependent of H and W. Then, from reasons of similitude, it 
will also be independent of H/Z and W/L. Hence Equation 
[6] simplifies to 


k,,4/K = GHONG A aospaccosnn:s clon collvll 


Mull and Reiher represented their results by plotting k,,,/k 
versus log (Ner)z; obviously 


k.,,/k ——> 1 when (Nar), — > 0 


In the experimental range of (Nar), = 2112 to 8,890,000, a 
smooth curve of increasing steepness was obtained. Representa- 
tion in bilogarithmie co-ordinates, however, will reveal that the 
curve has at least one bend in close relationship to other cases of 
free convection. 

For vertical air layers (subscript v), the conditions are less 
simple than for horizontal layers because k,,,/k may not be inde- 
pendent of H and W. Mull and Reiher, in one of their tests, 


kept H/L and (N¢r)z constant, but reduced W/L from 25.7 to ~ 


12.8, that is, by 50 per cent. The term (k,,,/k) (H/L), however, 
changed only by 1.3 per cent. Hence, omitting W/L as inde- 
pendent variable and modifying Equation [6] slightly 
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Similarly as for horizontal gas layers 
kew/k —> 1 when (Ne), —> 0 


The problem also simplifies for very large Grashof numbers due 
to the vanishing of the frictional resistance between two parallel 
vertical surfaces with increasing distance; obviously 


eee tn = tn mare 


and 


Gare =h (ti bn) = h(tn te) 
or ‘ 
axe = 1/oh(ty — ty) aie ielidue ut loveel oa tate skaters (9] 


where h is the coefficient of convection for a single vertical sur- 
face. From Equations [2] and [9] 

ee ee 
taal So ed 


hL lowes 
key = or C 


2 k 


Hence, k,,, becomes proportional to LZ for very thick air layers 
and the resistance against thermal convection, L/(k,,,A) becomes 
constant. Since the resistance against heat transfer by radiation 
is also constant for given temperatures, it follows that the insu- 
lating power of an air layer cannot be increased infinitely by in- 
creasing the layer thickness as it would be with a solid layer, but 
is limited. 

For layers of finite thickness, Mull and Reiher plotted (k,,,/k) 
(H/L), as measured, versus log (Nar), and built up 27 curves 
with H/Z as parameter, making ample use of interpolation and 
extrapolation since a total of only 21 points from their own, 
and 3 from other experiments were available. Again, bilogarith- 
mic representation will give a very much simpler and more relia- 
ble picture and will lead to simple equations for the laminar 
and turbulent ranges, analogous to those for single plane surfaces. 


3 Diensiontess Equations FOR FREE CONVECTION ON 
VERTICAL AND HORIZONTAL SURFACES 


As already indicated, the heat convection on a plane plate is 
an extreme case of convection through a plane fluid layer. 

The Nusselt and Grashof numbers for the free convection on a 
vertical surface of height H and temperature ¢, to a fluid of tem- 
perature ¢,, is usually defined by as 


and 


(Nor) z = a FB (ty > t) Gere wre cache Cece Dit 


where arithmetic means, taken over the temperature difference 
(t, —t,,), may be used for the properties of the fluid. 

Employing the principle of similarity, Nusselt (3) showed that 
(Nwu)xz is proportional to H*/*, a result which had already been 
obtained analytically by Lorenz (4), 34 years before. This, 
however, is only a fair approximation to the actual much more 
complicated relation between h and H, as has been demonstrated 
later on by different workers, particularly by Schmidt and Beck- 
mann (5) in a theoretical and experimental investigation. More- 
over, Griffiths and Davis (6) had shown by experiments that 
above a certain height (about 2 ft for air) the coefficient h becomes 
independent of H and proportional to (4 —t,,). They correctly 
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concluded that turbulence occurs above that height. It is worth 

noting that Nusselt (8) had already predicted an analogous phe- 

nomenon for horizontal cylinders placed in cooler air when 

(Nex)p > 107, the diameter D being used as characteristic length. 
The occurrence of an exponent n = !/3 in the equation 


Nina =n CUNGrNipr)aineetetel® sera cre = {13] 


was later verified by a correlation of King (1) and by Jakob and 
Linke (7) in representing their own and Jakob and Fritz’s experi- 
mental results (8) for not too vehemently boiling water. Accord- 
ing to these investigations, the following equations can be used 
for vertical surfaces in an unrestricted fluid 


(Nyu)a = 0.555 [(Ner)yNer]'/*......- oe Mee 


for the laminar range and 


(Nwu)g = 0.129 [(Nar)gNrr]'/*.........00. (15) 
for the turbulent range. 


Jakob and Linke further showed that Equation [13] with n = 
t/; may also be used for the convection on the upper side of a 
horizontal plate (subscript ) on which water is boiling, and they 
concluded that in the range of their experiments, q,,,” = 7 to 5200 
B hr- ft~2, the coefficient of convection on a horizontal plate is 
independent of the size of the plate except for a possible effect of 
the edges. In fact, this had to be expected because it would not 
be understandable why the heat transfer on one place of a large 
horizontal plate should be different from that at any other place. 

In other words, if Equation [13] is valid, then n = 1/3 must 
necessarily occur in all cases where no reason exists why / should 
depend upon a characteristic length. In a subsequent paper, 
Jakob and Linke (9) found by experiments with boiling water 
and carbon tetrachloride that the constant C of Equation {13] 
sensibly exceeds the values given in Equations [14] and [15]. 
For vertical surface, in the range where n = 1/4, C, = 0.61 was | 
found, compared to C, = 0.555 in Equation [14]. This difference 
may be due to the action of the steam bubbles which is rather 
mild in the considered range, but increases rapidly at higher load 
(9, 10). With horizontal surface facing upward, n = 1/5 
and C,, = 0.16 were observed to be compared with C, = 0.129. 
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for vertical surfaces according to Equation [15]. Here, in 
addition to the effect just mentioned, the difference of surface 
orientation seems to play a role. In fact, such an effect had 
previously been observed by Griffiths and Davis (6). From 
their tests on horizontal heating plates in air facing upward, the 
following equation can be derived 


hi) OPI G Ue vo connie aan on cilllal 
with 
de.u” in B hr ft~? and (t; —#,,) in Fahrenheit units. 


Combining this with their original values for vertical plates, 
2 and 8?/; ft high 


” Won 
Vevu isles 


to be compared with C,/C, = 0.16/0.129 = 1.24. 

For horizontal plates, facing downward (subscript d@) where 
theoretically only conduction would be expected, Griffiths and 
Davis’ measurements can be represented by 


Gap = WO Gia UIE AR, oa Benda eee hol 
It may be noted that 


dou 12 Gna LS OOF 
2 ¥ 2 


deo = 0.96 G..0" ~ Yon'--- [19] 


Wilkes and Peterson (11), however, obtained about 1.6 instead 
of 1.28 (Equation [17]) and about 0.35 instead of 0.50 (Equation 
{18]). Their data are based on experiments with only 10 F 
temperature difference and therefore probably less exact. 


4 New Equations For FREE CONVECTION THROUGH ENCLOSED 
PuaNne Gas LAYERS 


In the range of (Nar), = 10,000 to 10,000,000, Mull and Rei- 
her’s experimental data for horizontal air layers can be repre- 
sented by two straight lines in bilogarithmic co-ordinates, Fig. 
1. Intersection of these lines occurs at log (Nar), ~ 5.57, 
corresponding to (Nar), ~ 370,000. However, a state of transi- 
tion may exist between (Nar), ~ 200,000 and 800,000. In the 


+— 


* Observed by Mull and Reiher 
Straight Line I : Eq. 21 


II: Eq. 20 
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Fig. 2 CoRRELATION FOR VERTICAL AIR LAYERS 


upper range,* similarly as for a heated surface, facing upward, or 
for a vertical surface 


Foe 2 O.OG8eD | een eS. [20] 


In the lower range, in analogy to the behavior of vertical sur- 
faces in a medium range of Grashof numbers 


Kseu/ 2 =VOLOD Naan oo 2 nee en Ste 
For (Nar), —~> 0, finally 
Mima IN oie Moye G yin) ——— 0) a ae (22] 


as indicated by a dotted line in Fig. 1. 

The meaning of Equation [20], obviously, is that above a 
certain thickness L the coefficient of heat transfer does not change 
any more, but should be the same as for a single horizontal plate, 
facing upward. 

This may be checked by calculating an example: According 
to Equation [20] 


Gen” = 0.068 (#)\" G— be 


For t,; = 75° C, tg = 52° C, and 730 mm Hg atmospheric pressure, 
Mull and Reiher took Bg/»? = 0.110 (10°) m~* C~! and k = 23.0 
(10~%) keal hr~!m~!C-!._ Using these values and converting to 
British technical units 


den" = 0.068(23.0)10~3(0.673) (0.110)'/*(104)0.3048(1.8) (t. 
6) = ODT) 


in excellent agreement with Equation [16]. 

For vertical air layers, employing again bilogarithmic repre- 
sentation, all experimental points of Mull and Reiher and three 
points of other authors which they also used are plotted in Fig. 2. 

At Grashof numbers as small as 2000, in analogy to Equation 
[7], no influence of H/L upon k,,,/k seems to exist in the range of 
the experiments (H/L = 10.6 to 42.2), 


’ Particularly after correcting the highest point, at (Nex, = 
8,890,000, for which Mull and Reiher erroneously have entered 
ke,n/k = 13.5 (instead of 14.5) in their original graph. 


For still smaller Grashof numbers, the ratio k,,,/k approaches 
unity in analogy to Equation [22]. 

In the range of (Nar), = 20,000 to 200,000, the following 
equation represents the experimental data 


Tevet ONS CN cle) pa CEU) aes ae [23] 
and in the range of (Nar), = 200,000 to 10,000,000 
Kewl = 0.065(Nor)z/*(H/L)~”........... [24] 


Again the exponents, !/, and 1/3, of (Nar); are significant for 
laminar and turbulent flow. The exponent — 1/, of H/L, how- 
ever, has been found empirically. The increase of k,,,/k with 
decreasing H/L is probably an effect of the lower and upper edge 
of the gas layer. 

It is questionable how far beyond the range of the experiments - 
Equations [23] and [24] are valid and, in particular, down to 
which smallest value of H/Z Equation [24] can be used; cer- 
tainly not down to H/L = 0, where it would yield an infinitely 
large heat transfer whereas the behavior of single vertical plates 
should be approached. However, the experimental point for 
H/L = 3.12 at Ner = 10,820,000 in Fig. 2 is in excellent agree- 
ment with the value calculated from Equation [24] (log|k,,,/k] 
= 1.105, observed and 1.108, calculated) so that Equation [24] 
actually seems to be valid down to the ratio of H/L = 3. 

Lines for H/L = 5; 10; 20; and 40 are drawn in Fig. 2, to 
facilitate interpolation. It is seen that they are in good agree- 
ment with the experimental points. 

Mull and Reiher’s paper includes one measurement for 45 deg 
inclination of the air layer. At H/L = 10.5 and (Ne), = 
1,050,000 they obtained k,/k = 6.13. Under the same condi- 
tions Equations [20] and [24] yield k,,,/k = 6.92 and k,,,/k = 5.09, 
the mean of which is 6.005. This result suggests that for angles 
from 0 to 90 deg linear interpolation between these equations 
may give reasonable results. 


5 Discussion or DirrERENT EXPERIMENTAL RESULTS 


It must be mentioned that experiments, performed by Wilkes 
and Peterson (12), led to about 50 per cent higher values of ¢,” 
for vertical layers. An air layer with L = 0.302 and H = W = 
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2.667 ft was used, and it seems that the temperatures (t; = 60 deg 
F and tg = 40 deg F) were not varied either, so that the result 
would refer to (Nar), ~ 1,700,000 only. The data given in the 
authors’ paper do not allow one to check the accuracy of the 
results. The higher heat transfer obtained by them may be due 
to inclusion of the flow of heat through the studs confining the air 
layer and to the lack of a ring heater with air layer. Griffiths and 
Davis (6), employing a vertical layer with L = 1/5 ft and H/L = 
24.8, arrived at almost 40 per cent higher heat transfer than Mull 
and Reiher, assumedly for the same reason. Experiments of 
Schmidt (13), on the other hand, performed with vertical layers, 
0.263 or 0.526 ft thick, led to results in good agreement with 
those of Mull and Reiher (see Fig. 2). In these experiments a 
layer of 5-ft height was divided into three layers, each 12/, ft high, 
by means of thin, horizontal strips of plywood, the adjacent layers 
giving some heat protection to each other. A test by Nusselt 
(14), on a vertical layer (ZL = 0.18 ft, H = 1.5 ft) led also to 
satisfactory agreement with our representation (see Fig. 2); this, 
however, may be accidental, considering the not too accurate ex- 
perimental procedure. 

With their air layer in horizontal position, Wilkes and Peterson, 
again at (Nar), ~ 1,700,000, obtained a 40 per cent higher value 
than according to Mull and Reiher, whereas an experiment of 
Schmidt (13), at (Near), ~ 30,000, led to a 33 per cent smaller 
value than according to Mull and Reiher. This experiment was 
performed on a twin-plate device for measuring thermal conduc- 
tivities, using a l-in. air layer. 

Considering the results of Wilkes and Peterson, and of Griffiths 
and Davis, the author looked for reasons why Mull and Reiher 
might have obtained too small values of convection. Referring 
to Equation [1], the value k, was 27 to 49 per cent of k, in their 
experiments. They determined k, individually in each test by 
bringing the plates in horizontal position, heating the upper one, 
and assuming that no convection at all occurred in this case. 
According to Equation [20] or Fig. 1, this would mean that at 
(Ner)z, = 1,700,000, after deduction of the radiated heat, the heat 
flow downward would amount to 12.3 per cent of-that upward. 
This is not an unreasonable result, considering that Wilkes and 
Peterson found 23 per cent, without taking such precautions as 
the use of a heated air ring and thin balsa-wood strips to secure a 
striétly vertical heat flow downward. Anyway, k, may have 
been found only a few per cent too large and k, some per cent too 
small in Mull and Reiher’s procedure. Incidentally, the emis- 
sivity of the zinc-plated steel sheet determined by them was 
rather too small than too large, according to the known values 
from literature, and there was no systematic influence of L on the 
measured value of that emissivity as would have been if convec- 
tion had played a role. 

Hence the only explanation for the mentioned differences is 
that, as just given, the Mull and Reiher values belong to the case 
of an enclosed partition, cut out somewhere in the middle of an 
extended gas layer between two parallel surfaces, each at uni- 
form temperature, and with a practically nonconducting border 
strip, whereas in Griffiths’ and Dayis’ results, as well as in those of 
Wilkes and Peterson, conduction effects on the edge of the layer 
are included. Therefore Equations [20], [21], [23], and [24] and 
Figs. 1 and 2 of the present paper yield values which may have 
to be increased by empirical factors if less ideal conditions exist 
at the edge of the air layer. 


6 Free Convection Turouch ENcLtosep PiLane Liquip 
LAYERS 


According to the theory of similarity, Equations [20], [21], [23], 
and [24] should hold for any diatomic gases, except in such ex- 
treme ranges where the Prandtl number appreciably differs from 
Np, = 0.72, as assumed for air. Since for horizontal and vertical 
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surfaces Equation [13] has been found to hold for gases and for 
liquids, even in the state of not too vehement boiling, with only 
moderately different values of C, the equations mentioned for 
confined layers, may tentatively be used for other than diatomic 
gases and for liquids by multiplying the right sides by (Ne;/ 
0:72)", with n = 1/, and 1/3, respectively. 
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by E. Schmidt, 


Discussion 


W. J. Krna.¢ This paper constitutes a useful contribution to 
the literature of heat transmission, by making the data of Mull 
and Reiher available to American engineers in the form of a con- 
venient and significant correlation. 

The use of an ‘‘equivalent conductivity,” k,, has the advantage 
of expressing heat transfer through air spaces in the same units 
as for solid insulation or building materials, which may be con- 
venient for combining terms. On the other hand, there is a dis- 
advantage in that the conductivity of an air space is by no means 
a constant property of the material, as in the case of cork or 
brick, so that the actual relationship between heat transfer and 
thickness of the air space is somewhat obscured. 

For example, it is shown that for certain conditions the con- 
ductivity is proportional to the 3/, power of the thickness. 
Actually, since the heat-transfer coefficient h (heat flow per unit 
time per unit area per degree temperature difference), is equal to 
the conductivity divided by the thickness, i.e. 


k 
L 


4 Research Engineer, Battelle Memorial Institute, Columbus, 


Ohio. Mem. A.S.M.E. 
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it turns out that the heat flow varies inversely with the '/, power, 
or 4th root of the thickness, in this region. 

It is also important to understand that for the wider air spaces 
or higher Grashof’s numbers, where the conductivity is directly 
proportional to the thickness, the actual heat-transfer rate, as 
Btu per hour per square foot per degree temperature difference, 
is independent of the thickness. 

Probably the most questionable feature of this correlation is 


the effect of height upon heat transfer across vertical air layers, © 


as expressed by the term (H/L) S/n! Equations [23] and [24] 
of the paper. As the author points out, for the higher values of 
Grashof’s number, to which Equation [24] applies, the heat trans- 
fer should be similar to free convection from exposed plane sur- 
faces, in which case the effect of height is sometimes more pro- 
nounced. In fact, for vertical surfaces about 1 ft high, the effect 
of the height H, may be represented by the —!/, exponent, under 
ordinary conditions. 

Tests on enclosed air spaces made by E. R. Queer® in this 
country showed that the heat transfer across an air layer 4!/» in. 
high was about 80 per cent greater than for a height of 35 in. 
For a height ratio of 1 to 8, as in this case, the —1/) exponent 
would give a 1.27 ratio of heat-transfer rates, instead of the 1.8 
ratio observed by Queer. It is very likely that the effect of 
height becomes more pronounced as the height. is decreased. 

The author recognizes the fact that this exponent is not con- 
stant, pointing out that Equation [24] would give infinitely large 
heat-transfer rates for H/L = 0. This brings out the danger 
of applying such equations as these to conditions too far re- 
moved from those under which the original data were obtained. 


AUTHOR’s CLOSURE 


In discussing the concept of ‘equivalent conductivity,” Mr. 
W. J. King uses the word “‘equivalent” only once and then omits 
it for brevity. Then, of course, all statements concerning that 
quantity become odd, as, for instance, the one that the conduc- 
tivity be proportional to the 3/4 power of the thickness. The 
sense of introducing an “equivalent’’ conductivity, however, is 
only to show how much more heat is actually transferred than 
would be by conduction alone. The ratio k,/k = 1.5, for in- 
stance, means that the heat transfer by convection is 50 per cent 
larger than the heat transfer by mere conduction. 


This sort of representation is neither novel nor unique. The 


5 “Importance of Radiation in Heat Transfer Through Air Spaces,”’ 
by E. R. Queer, Heating, Piping and Air Conditioning, vol. 3, 1931, 
pp. 960-965. 
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rate of heat exchange by radiation g,, for instance, is often ex- 
pressed by means of an ‘‘equivalent” coefficient of radiation, h,. 
For black surfaces h, is defined by the equation 


q, = cA(Ti4— T24) = h,A(Ti — T2) 


wherein 
T = absolute temperature 
co = constant of Stefan-Boltzmann’s law 


It is seen that h, is not a constant as ¢, but depends upon 7 and 
T2in arather odd way. However, when convection and radiation 
occur in the same field, it is practical to use h,, because the total 
coefficient of heat transfer simply becomes 


h=h, +h, 


Also the ratio k,/k should just be considered as a practical form 
or as a Nusselt number (see Equation [4] of the paper). 

The term (H/L)~/* of Equations [23] and [24] was chosen 
empirically as best representing the points in Fig. 2 of the paper. 
However, its influence is small and it would have been possible to 
neglect it entirely and to represent each of the point groups I 
and II of Fig: 2, by a single straight line, yielding -values of k,,, 
with extreme deviations of +10 per cent from the measured 
values. Doing so, Equation [23] would contain only the ex- 
ponent !/4, in analogy to Equation [14]. 

Mr. King has further directed the author’s attention to a paper 
of E. R. Queer,® who observed a much larger increase in heat 
transmission when the height H was reduced than did Mull and 
Reiher. This seems to be partly due to the heat conduction 
through the wooden strips which confined the air layers and the 
thick plates extending over the top and bottom of the apparatus. 
According to Fig. 2 of Queer’s paper, these probably were thick 
enough to cause the large heat transfer observed by him for small 
ratios H/L. A part of the discrepancy, however, is due to the 
difference in the absolute values of heat transfer, observed in 
the two investigations for great ratios of H/L. For example, at 
L = 1/12 ft, t,, * 75 deg F, t: — k = 50 F, the author’s Equa- 
tion [23] yields qg,,,” = 21.5 Bhr— ft~? for H = 4.5/12 ft, and 
dew” = 17.2 for H = 35/12 ft, in agreement with Mull and 
Reiher’s experiments, whereas Queer obtained q,,,” = 27.5 and 
15.3, respectively. \ 

When the author by illness was prevented from presenting his 
paper personally, Mr. King kindly presented it for him, adding 
some interesting comments which form the subject of his discus- 
sion. The author wishes to express his appreciation for Mr. 
King’s co-operation and valuable contribution. 


A Graphical Determination of Unshielded- 


Thermocouple Thermal Correction 


By W. M. ROHSENOW,! ANNAPOLIS, MD. 


This paper presents a simple and rapid method for de- 
termining the thermal error of an unshielded thermo- 
couple, with slide-rule precision. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


Q = rate of heat transfer by convection 
R = rate of heat transfer by radiation 
C = rate of heat transfer by conduction 
Ty = absolute temperature of NV, deg R 
ty = temperature of NV, deg F 
h = film coefficient of heat transfer, Btu hr~! ft~? F 
k = thermal conductivity of thermocouple wire, Btu hr~! 
ft—2 (F/ft) 
o, = Stefan-Boltzmann constant = 1.723 X 10~* Btu hr 
fh 2 Rist 
€ = emissivity 
n = transmissivity 
a = absorptivity 
G = mass flow per unit cross section of duct area, lb ft~* sec? 
A = thermocouple bulb surface area, ft? 
D = thermocouple wire diameter, ft 
dy = thermocouple bulb diameter, in. 
b = exposed length of thermocouple, ft 
T,, = [(Pe'— Ty) /4(Tr — Tw)" 
T, = average temperature between 7p and Ty = 1/2(T'7 + 


Tw) 
GS (We T7)/(Tr i) 
Subscripts: 
’G = gas 
T = thermocouple 
W = wall 


S = thermocouple surface 
GT = gas to thermocouple 
TW = thermocouple to wall 


INTRODUCTION 


The problem of measuring the temperature of a gas stream by 
employing a thermocouple has been well treated by King (A4),? 
Fishenden and Saunders (6), Bennett and Pirani (7), and Bosan- 
quet (8). The accurate measurement of the temperature of a hot 
gas flowing in a duct is more difficult than the accurate measure- 
ment of the temperature of a solid or liquid. The temperature 
indicated by a thermocouple placed in the gas stream, Fig. 1, will 
always lie between the temperature of the gas itself and of the 
surrounding walls. 

The thermocouple reading is in error because heat is exchanged 


1 Ensign, U.S.N.R., U. 8. Naval Engineering Experiment Station. 
June A.S.M.E. 

2 Numbegs in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Heat Transfer Division for publication in the 
Transactions of Tar Amprican Soctery or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in this paper are to be 
understood as individual expressions of the author and are not to be 
construed as official nor reflecting the views of the Navy Department 
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Fie. 1 Sxercu or Duct Wir TEMPERATURES INVOLVED 


between the thermocouple and the wall by radiation, and heat is 
transferred along the thermocouple wires by conduction. The 
analyses for the cases in which the gas is hotter than the wall and 
in which the wall is hotter than the gas are identical. When the 
gas is hotter than the wall, the thermocouple temperature is such 
that the rate of heat transfer by convection from the gas to the 
thermocouple plus the radiation from gas to thermocouple is 
equal to the radiation from the thermocouple to wall plus the 
conduction along the thermocouple wires. This may be stated in 
equation form 


Qer + Rar = Raw + C.....-.- ee ees {1] 


The purpose of this paper is to present a simple and rapid 
solution of this equation in mathematical form and in chart form. 
The solution of Equation [1] involves solving a fourth-degree 
algebraic equation which is quite cumbersome to manipulate. 
The method of solution presented in this paper is simple and 
greatly reduces the time necessary to determine the thermo- 
couple error. This method has slide-rule precision, which is 
more than sufficient when one realizes the inability to predict 
accurately emissivities and film coefficients of heat transfer. 


ANALYSIS 
From the laws of convection and radiation, which may be 
found in McAdams (1), Equation [1] may be written in the form 


l+e, 
2 


Ah(T'g—Tr) + Ace, ( ) (T¢4—T 7") 


—= Aonge,(T 7 — T w') asec ecese [2] 


in which the conduction term is neglected. The conduction 
term is usually small; so it is neglected in the development of the 
equation from which the charts are constructed. Later a solution 
will be obtained for determining the magnitude of this conduction 
error. 

The gaseous radiation term Rg, and the gaseous emissivity 
eg of Equation [2] may be evaluated as indicated by McAdams,* 
and the thermocouple surface emissivity «, may be estimated as 
indicated by McAdams.* 

If it is assumed that eg = ag, then the transmissivity of the 
gas is 


ng = 1— eg 


Dividing Equation [2] by h(7’7 — Ty) and simplifying 


3 Reference (1), p. 68. 
4 Reference (1), p. 393. 
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PER UNIT AREA 


up 
” FT* SEc 


FILM 


Te —T T pt — 
@ AS ew ae eg) + 
Tr—Tyw h Tr—Twy 
W/o(1 + €,) - eg: Tye Py" ri pet ex [3] 

Now 
Dae ee lg a ke Lee Ty 
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To + T,? 

T 7? + 7 w 
Since Tg, T7, and Ty are all large and of the 
same order of magnitude and their differences are 
small compared with the absolute magnitudes, 
the last two terms of the identity [4] are approxi- 
mately equal to unity; hence 


Ghee 


Tg —Tr 
a Paes a 


Ile 


[5] Ringe 2 


Ht 4 


DiaGRAM FOR DETERMINING FILM CorrricIENT oF HeAT TRANSFER FOR 


SrnecLe Cytinpers Normat To Gas STREAM 


(Computed from Fig. 111, p. 221 of McAdams, Bibliographg reference 1.) 


This approximation does not produce a serious 
error because it appears in the second term, in braces, of 
Equation [8]; and since eg is small compared with e,, the second 
term is much smaller than the first term. 

Substituting Equation [5] in Equation [3] 


where the terms are defined in the nomenclature and where 


: Te—Tf 
chy {<0 — <q) + Vall + «Jeg cet vteets (7) 
a a 


in which e’ is called the effective emissivity. 
The solution of Equation [6] may be obtained from the dia- 
gram in Fig. 2, and e’ may be obtained from the diagram in Fig. 3. 
Expand T,,, as defined in the nomenclature 


fake ait n.. Uipst Delt te Dnt 
Ap To OND 2 
Since #¥/2(7 7 + Tw) = T, and '/2(T77? + Ty?) & T,?, where T, is 


Ti = 


2000 
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\eeezeaaecdes 


° 500 1000 1500 


Tw 
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the average temperature between 77 and 7’y, Equation [8] 
indicates that 


The error in the assumption that 7,,, = T, is found in Fig. 4. 
Usually this error is less than 10 deg F and may be neglected. 

If eg = 0 then ¢’ = «, and if T,,, is assumed equal to 7, Equa- 
tion [6| becomes 


For all practical purposes 
WPS <ul: 


o = 05 
USE OF THE DIAGRAMS 


It is noted that a value of T is necessary to evaluate e¢’ in Fig. 3; 
hence the solution is of the trial-and-error type. First, solve for 6 
from Fig. 2, assuming e’ = «,. Then with this value of 6 deter- 
mine e’ from Fig. 3. This new value of e’ will be sufficiently close 
to the true value to obtain a solution. Now return to Fig. 2, 
with the new value of e’ and solve for 6 and for (Tg — Ty). 

JIn order to obtain a solution of Equation [3] from Fig. 2, it is 
necessary to know h, the film coefficient of heat transfer between 
the flowing gas and the thermocouple. If the thermocouple 
approximates a cylinder normal to the gas stream, the curves in 
Fig. 5 may be used to estimate the value of h. For a given gas 
temperature, obtain from Fig. 5 the ratios G’/G and h/h’; then 
for any gas flow G, the value of G’is known. Now determine the 
value of h’ for a given thermocouple tip diameter; then h is the 
product of h’ and h/h’. The curves in Fig. 3 are computed from 
data presented by McAdams for air flowing normal to a single 
cylinder. If this condition is not approximated, some other data 
must be used for estimating the value of h. 


ConpuctTion ALONG THE LEADS 


In the foregoing analysis the conduction heat-transfer term C 
of Equation [1] has been neglected. This term is usually small, 
but in order to determine its effect consider the conduction of 
heat to the cold wall along the two wires of the thermocouple in a 
gas stream as shown in Fig. 6. The differential equation is 


a 
ax 


5 Reference (1), Fig. 111, p. 221. 
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1402; then follow the dotted line in the direction of the arrows to 
h = 120, e’ = 0.8, and to 6 = 0.305. Use this value of 6 to deter- 
mine ¢’ from Fig. 3. Enter Fig. 3 with 6 = 0.3805; follow the 
arrows to e, = 0.80, eg = 0.085 and then to the left alignment line 
to locate point A. Locate point B by following the arrows from 
€g = 0.085 to «, = 0.80 to the right alignment line. Connect 
points A and B with a straight line to locate point C, reading 
ca OM ous 

Return to Fig. 2 with the new value of «’ to obtain the new 
value of 6 = 0.285. Continue to (t7 —tyw) = 1450 — 1350 = 100 
F and up to obtain the thermocouple correction (tg — tr) = 28 
deg F; hence tg = 1450 + 28 = 1478 F. 

If gaseous radiation is neglected, eg = 0 and e’ = e,, and if t,, 
is assumed to be equal to ¢,, the solution from Fig. 2 yields 


(tg —tr) = 30F, and tg = 1450 + 30 = 1480 F. 
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whose solution’ at « = 0 is 


tg = tr Ai il Lal [13] 
hb? 
h 2 4 /— 
cos kD 


tg —ty 


This equation is shown graphically in Fig. 6. 


ILLUSTRATIVE EXAMPLE 


Determine the gas temperature of a gas flowing through a duct 
with the following conditions: 


G = 7.2 lb secs! ft x2 


tp = 1450 F 
7 = 1350 
D = 0.0675 in. = 0.005625 ft 
dj eine 


iy SOs, = Oars 

k = 220 (assuming copper) 
eg = 0.085 

oe, = O80 


Solution: From Fig. 5, G’/G = 0.90 and h/h’ = 1.20 for a 
temperature of 1450 F; then G’ = 0.90 * 7.2 = 6.48 lb sec™! 
ft-2, Fora /s-in. tip diam, h’ = 100 from Fig. 5, andh = 1.2 < 
100 or 120 Btu hr ft—2 F. 

Now t, = 1/o(tp + tw) = 1400 F, and from Fig. 4, (t,, —t.) = 
11/, F; sot, = 1400 + 1!/, = 1402 F. 

As a first approximation determine 7 from Fig. 2 by assuming 
e’ = «, = 0.8; enter the diagram in Fig. 2 at the left with t,, = 


6 See reference (6) or (2). 


An estimate of the effect of conduction along the thermocouple 
wires is obtained from Fig. 6. For this example 
hb? (120) (0.5)? 
kD (220)(0.005625) — 


then from Fig. 6, the error term due to conduction alone is 


tg — 1450 
= 0.001 
Ail tag yh San ea é; 
from which tg < 1451 F. Hence the error due to conduction 
alone is less than 1 deg F in this case. 


24.2 


tg — tp 


CoNCLUSIONS 


To determine the gas temperature solve Equation [6] mathe- 
matically or graphically by using the diagrams in Figs. 2, 3, and 4. 

For a less precise solution solve Equation [10] mathematically 
or graphically by using only Fig. 2, with e’ = «, andt,, = t,. 

Either of these methods will yield results which are better than 
our knowledge of surface and gaseous emissivities and heat- 
transfer film coefficients warrants. 
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Coaster Gate and Handling Equipment for 
River Outlet Conduits in Shasta Dam 


By J. E. WARNOCK! anv H. J. POUND,? DENVER, COLO. 


At Shasta Dam, a coaster gate is used to close the intake 
of any one of the eighteen 102-in. conduits in the spillway 
section of the dam. Each conduit is provided with a con- 
trol valve. The coaster gate is used to close the intake of 
each conduit whenever required for inspection and servic- 
ing of the control valve and conduit. It may also be used 
for emergency closure in the event of failure of a control 
valve. Since the gate design is predicated on emergency 
conditions of maximum head, when it is subjected to large 
unbalanced pressures, hydraulic model studies were con- 
ducted to determine the best shape of gate to minimize 
the downpull force to which it might be subjected in an 
emergency closing. The procedure followed in conducting 
the studies and the final installations are treated in this 
paper. 


INTRODUCTION 


HASTA Dam, one of the major features of the Central Valley 
S Project, is located on the Sacramento River, 9 miles above 
Redding, Calif. It is designed as a multipurpose dam with 
facilities for flood control, river regulation, and power generation. 
Release of stored water for river regulation in excess of the 
capacity of the powerhouse turbines is accomplished by eighteen 
102-in-diam conduits in the spillway section of the dam. Each 
of these conduits is provided with a control valve. A coaster 
gate is used to close the intake of any one of the 18 conduits when- 
ever required for inspection and servicing of the control valves 
and conduits. The gate may also be used for emergency closure 
in the event of failure of a control valve. 

Normally the gate is operated under balanced hydrostatic pres- 
sures with no flow in the conduits. However, design conditions 
were taken as those which exist during emergency closure under 
maximum head when the gate is subjected to large unbalanced 
pressures. 

As the gate is lowered under emergency conditions, the increase 
in velocity under the gate acts to decrease the pressures on the 
downstream face while those on the upstream face remain sub- 
stantially constant. The frame of the gate must resist the re- 
sultant force which pushes it against the face of the dam, and the 
rollers supporting the gate must have a low frictional resistance 
or the gate cannot be lowered into the closed position by its own 
weight. Another effect of the high-velocity flow is the reduction 
in pressure on the bottom of the gate which creates an additional 
force, referred to as downpull. Consideration of this force is im- 
portant as it may be equal to or greater than the weight of the 
gate. 

The hydrostatic pressures on the top of the gate can be cal- 
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culated readily; but unfortunately, calculations of the downpull 
force can be only approximate without detailed hydraulic-labora- 
tory studies. The pressures on the bottom of the gate are a func- 
tion of the flow velocity under the gate, the shape of the gate 
bottom, and the gate opening, and they may vary from full hy- 
drostatic pressure to the vapor tension of water. The value of 
the downpull force is therefore dependent upon the velocity dis- 
tribution and flow pattern beneath the gate, since the pressure 
reduction at any point on the gate bottom is equal to the velocity 
head at that point. 

In previous designs an approximation of the downpull force 
was considered satisfactory, but at Shasta Dam the estimated 
downpull on the coaster gate was so large that the total load on 
the handling equipment was about 60,000 Ib in excess of the per- 
missible load. The gate was to be handled by a 125-ton gantry 
crane, operating on the bridge across the spillway section of the 
dam. The capacity of this bridge was the limiting factor. Such 
a circumstance arose from the fact that the original plan was to 
handle the coaster gates from a barge and the bridge was designed 
for normal traffic load. When later in the design the handling 
equipment was transferred from the barge to the bridge, it was 
necessary to determine more accurately the downpull force and to 
reduce it, if possible, to avoid a drastic change in the design of the 
bridge across the spillway. 


Hyprautic Moprn Srupies 


Hydraulic model studies were made to check the computed 
downpull and to develop a new shape for the gate bottom. Var- 
ious shapes were tested and a satisfactory design was developed. 
A combination of this design and a properly proportioned recess 
in the face of the dam above the inlet reduced the downpull from 
the original value of 260,000 pounds to 70,000 lb. 

The studies were made with a model of the conduit and coaster 
gate built to a scale of lto17. Test data included pressure meas- 
urements on the gate and in the outlet for several heads and gate 
openings. The downpull was determined by integrating the 
pressure curves shown in Fig. 1. In the tests of the final design, 
the value obtained by pressure integration was verified by direct 
measurement with a spring scale. 

With the gate of the original design in the full-open position, 
and a head representing the maximum of 323 ft, the downpull 
was approximately 75,000 Ib. As the gate was lowered the 
downpull gradually increased to a maximum of 260,000 lb at an 
opening of about 8 ft 6 in. and then decreased gradually to zero 
for the closed position. 

The typical variation of downpull with gate opening, which is 
shown graphically in Fig. 3, may be explained by a consideration 
of the variation in magnitude and distribution of velocity under 
the gate. When the gate was fully opened the discharge was a 
function of the size of the outlet conduit and its frictional resist- 
ance, As the gate was lowered it created a restriction in conduit 
cross section; and since the discharge was not reduced in the 
same proportion, there was an increase in velocity and a reduction 
in pressure under the gate and for a short distance downstream. 
The decrease in pressure caused an increase in downpull. 

Since the conduit was vented downstream from the gate, air re- 
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lief was obtained when the restriction in area was sufficient to 
lower the pressure at that point to atmospheric pressure. When 
the pressure downstream from the gate was restrained from de- 
creasing to any appreciable extent by the presence of air relief, 
it may be said that the gate became a control. The discharge 
under this condition became a function of gate opening and head 
and was not affected by the conduit. At the gate opening cor- 
responding to maximum downpull, the gate became a control 
and the velocity along its bottom reached its maximum value. 
For lesser gate openings, the velocity at the downstream edge of 
the bottom was increased slightly by a minor decrease in pressure 
downstream from the gate. However, at these openings the 
proportions and shape of the gate bottom relative to the size of 
the opening changed in such a manner that the velocity along it 
actually decreased and pressures increased enough to lower the 
value of downpull. 

At small openings on the original design the jet under the gate 
impinged on the top of the conduit and interfered with proper 
action of the vent. 


REDUCTION OF DOWNPULL IN ORIGINAL DESIGN 


The hydraulic downpull force of 260,000 lb, as determined by 
the pressure tests, did not agree with the original analytical es- 
timate of 160,000 lb. A review of the original calculations indi- 
cated that the estimate of 160,000 lb considered only the pressure 
reduction on the sloping portion of the gate bottom and assumed 
that a recess in the face of the dam above the outlet entrance 
would balance the pressures on the projected seals. The model 
test was made without a recess, and the unbalanced pressures on 
the top seal contributed at least 100,000 lb to the total downpull 
of 260,000 Ib. A recess in the model of the original design would 
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have tended to balance the pressures on the top seal, and it was 

possible that a closer agreement might have been obtained. 

However, the downpull would still have been excessive; there- 

fore consideration was given to reduction of the force by revision 

of the shape of the gate bottom. The effectiveness of a recess in 

the face of the dam was determined only for the most satisfactory - 
gate bottom and will be discussed subsequently. 

Studies of the flow under the gate and the pressure on its bot- 
tom indicated that a large reduction of downpull could be ob- 
tained by a simple revision of the bottom. The flow under the 
gate and into the outlet was studied by observing the movements 
of paper particles in the head tank through a window. The par- 
ticles approached the outlet from all directions, moving slowly 
until they were within a few inches of the outlet, where they ap- 
peared to be drawn instantaneously into it, indicating a rapid in- 
crease in velocity close to ‘the outlet entrance. This rapid 
increase in velocity was also shown by the pressure gradient across 
the 45-deg sloping portion of the bottom of the gate, Fig. 1, de- 
sign 1. At the upstream. edge the pressures were practically 
hydrostatic. On approaching the outlet the pressure reduction 
was gradual at first, but it became rapid close to the downstream 
edge. At the point where the 45-deg slope ended, the pressure 
reached aminimum. This was the spring point of the gate, that 
is, the point where the water normally sprang free of the gate 
bottom to form a jet in the conduit. 

The face of the gate projected a distance of 83/s in. beyond the 
spring point as shown in Fig. 1. The pressure forces acting upward 
on this projection were much lower than those acting down- 
ward so that it contributed an excessively large part of the down- 
pull when its relatively narrow width was considered. By com- 
parison, the much larger area of the 45-deg sloping bottom played’ 
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only a minor role because the low pressure prevailed only in the 
vicinity of the spring point. The original bottom design was re- 
vised by extending the sloping portion until it underlay the pro- 
jecting seal, as shown in Fig. 1, design 2. This change placed the 
spring point close to the face of the dam and eliminated the unde- 
sirable projecting area. The pressure distribution on the revised 
gate bottom is shown in Fig. 1, design 2. The shape of the pres- 
sure curve remained the same but the elimination of the projec- 
tion and its unbalanced loading reduced the downpull from 
260,000 to 103,000 Ib. 

In contrast to the original design, where the maximum down- 
pull occurred when the conduit was not completely filled with 
water, the maximum value with the revised gate occurred while 
the conduit was filled with water, just before a slight additional 
closure would lower the pressures so that the conduit would take 
some air through the vent. In addition to reducing the down- 
pull, this revised design changed the shape of the jet flowing into 
the outlet so that the jet at no time impinged on top of the con- 
duit to restrict the air vent, as was the case in the original design 
when the gate was open between 2 and 31/, ft. 


Errect or ExTENDED Lip BELow DownstTrReAM EpGE# OF FLAT- 
Borrom Gate 


Although the revision of the bottom accomplished the desired 
reduction in downpull, the gate was not satisfactory structurally. 
The sloping bottom would have been difficult to fabricate and 
heavy plates would have been required to withstand the loads 
on its downstream edge. Thus it was necessary to make further 
tests to develop some other type of gate which would have even 
less downpull or at least a more acceptable structural design for 
the bottom. 

The original tests indicated that a gate having a minimum 
downpull would be one with a lip placed at the downstream edge 
of the bottom and extended vertically below the gate. This 
would place the spring point at a greater distance from the bottom 
and the effect of the rapid drop in pressure which occurs near the 
spring point would be exerted on the vertical plane of the ex- 


_-~-Gate lift 


tended lip and would not contribute to downpull. To verify 
these indications, tests were made with an extended lip. The 
length of the lip was varied in successive steps, from zero to a 
length nearly equal to the thickness of the gate. 

The complete shape of the gate bottom which will be referred 
to hereafter as the basic shape is shown in Fig. 2. The bottom 
was faired into the upstream plate on a 9-in. radius, to minimize 
the local reduction of pressure on the bottom where the flow down 
the upstream face of the gate changes direction below the gate. 
The extended lip was 3/, in. thick, and its bottom was beveled at 
45 deg to place the spring point at the downstream edge of the 
lip and reduce the effect of the thickness on the downpull. 
The extended lip was supported by gusset plates attached to the 
bottom of the gate. These plates were in the plane of flow so 
that their effect on the downpull would be small and could be 
ignored. 

The pressure gradients, as determined in what will be referred 
to as general tests, were similar to those of design 5, Fig. 1, except 
that negative pressures occurred on the bottom of the lip. There 
was some reduction of pressure near the upstream plane, as was 
anticipated, since the flow down the upstream face of the gate 
had to change its direction. However, the pressure increased 
rapidly, becoming a maximum at the downstream corner where 
the lip joins the gate bottom. This effect indicated that not only 
does the extended lip keep the rapid reduction in pressure near 
the spring point on the vertical plane of the lip where it cannot 
cause downpull, but it also tends to form a stagnation point 
which increases in the downstream corner. 

Although the bottom of the lip was beveled at 45 deg to place 
the spring point on its downstream edge, the spring point actually 
occurred at the upstream edge of the lip. The resulting negative 
pressures on the bottom of the lip would cause a downpull of ap- 
proximately 15,000 lb when the lip was */, in. thick, as indicated 
in Fig. 2. 

The variation of maximum downpull force with length of lip 
extension is shown graphically in Fig. 2. The longest extension 
considered was approximately equal to the thickness of the gate, 
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as a greater extension would be impractical structurally. The 
graph shows that an extension of 40 in. would reduce the downpull 
to approximately 65,000 lb. As the extension was decreased, the 
downpull increased gradually until, at a lip extension of 14 in., 
the value was 110,000 Ib. A further decrease in the extension 
caused a more rapid increase in downpull which finally became 
360,000 lb when there was no extension. 


SrructruraL Desicns or Fuat-Borrom Gatrs With ExtTeNDED 
Lip 


A flat-bottom gate with an extended lip below its downstream 
edge, which would develop a downpull equal to that of the slop- 
ing-bottom gate of design 2, Fig. 1, or about 100,000 lb, would re- 
quire a lip extension of 17 in. This was not practical, since the 
horizontal forces on it would be excessive. Nevertheless, a flat- 
bottom gate having an extended lip was a simple design compared 
with the sloping bottom of design 2. 

Design 3 was more acceptable than the basic shape from a 
structural viewpoint, having a lip extension of 10%/, in. which, 
from the curve in Fig. 2, corresponds to a downpull of approxi- 
mately 130,000 lb. The radius of the curved portion of the bot- 
tom was made 7!/» in. instead of 9 in., and the thickness of the lip 
was made 1!/, instead of 3/, in. It was anticipated that the 
smaller radius would increase the downpull a small amount. 
The bottom of the lip was beveled at a steeper angle, 67 deg, 
which placed the spring point at its downstream edge and reduced 
the downpull on the lip, Fig. 1. The tests showed that the 
downpull would be approximately 138,000 lb. Piezometers 
placed on the lip to determine pressures indicated that the por- 
tion of the downpull due to the 1/,-in. lip was nearly equal to 
that of the */,-in. lip of the general test in which the spring point 
was at its upstream edge. Accordingly, the curve in Fig. 2 was 
used to predict the downpull of a gate having 1!/,-in. lip with a 
67-deg bevel at its bottom. 
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In design 4, Fig. 1, a simplification of the structural details 
was made by using flat plates and angles to eliminate the curved 
section of the gate bottom. The end of the plate at the upstream 
edge was rounded to avoid a sharp corner at that point. « A 1!/,- 
in. lip having a steep bevel, similar to design 3, was extended 12 
in. below the upstream edge. The downpull was 150,000 lb, 
which represented a 25 per cent increase over that obtained in the 
general test with a 9-in. radius and a 12-in. lip extension.' Neither 
design 3 nor 4 was satisfactory for the Shasta Dam outlet coaster 
gates because their downpulls, of 138,000 and 150,000 lb, re- 
spectively, exceeded the allowable limit. 

A new analysis of the stresses on the bottom of a gate with the 
basic shape used in the general test, Fig. 2, revealed that it would 
be structurally sound if the lip extension did not exceed 141/2 in. 
Fig. 2 indicated that such a design would develop a downpull of 
110,000 Ib. Since this value was not excessive, design 5 was con- 
structed and tested, Fig. 1. It differed from the gate of the 
general test in that a 11/,-in. lip with a 67-deg bevel at its bottom 
was used instead of 3/s-in. lip with a 45-deg bevel. The measured 
downpull of 112,000 Ib checked the predicted value of 110,000 
Ib. 

The final design of the Shasta outlet coaster gate was developed 
from design 5. The width was increased from 435/; to 441%/¢ in. 
for structural reasons, and a clearance of !/2 in. between the lip 
and the seal seats was introduced to facilitate operation of the 
gate. The maximum downpull as determined by pressure meas- 
urements was increased to 122,000 lb by these changes. An 
independent check of:the downpull by direct measurement with a 
spring scale indicated that a slightly larger downpull of 131,000 
lb occurred at a gate opening of 55 per cent. The latter value 
was accepted as the more accurate one as it was impractical to 
take the number of pressure measurements required for a com- 
parable accuracy. 

The over-all effect of the gusset plates was determined by a 
test with the plates removed. 
No appreciable difference in 
downpull could be detected. 
If plates were terminated at 
the point where the bevel of 
the lip begins as shown in 
Fig. 1, their effect on down- 
pull was negligible. 
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standpoint of downpull by 
introducing a recess in the 
face of the dam. This im- 
provement was deliberately 
withheld until the best shape 
of gate bottom was deter- 
mined. 

To understand the action 
of the recess, it must be noted 
that the seals of the gate pro- 
ject beyond the skin plate. 
With no recess, the pressures 
on the top seal were unbal- 
anced when the gate was 
partially closed. The full res- 
ervoir head acted on the out- 
side, or topside, while the low 
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pressure which prevailed downstream from the gate was exerted 
on the inside, or lower side. The resulting downward force, 
which at times was as large as 100,000 lb, depending on the 
pressure in the outlet entrance downstream from the gate, con- 
tributed a large portion of the downpull on the gate. With 
a recess, starting a short distance above the gate seat, the in- 
crease in the clearance between the seal and the face of the 
recess lessened the velocity of flow around the seal and reduced 
the pressure differential. : 

Tests showed that the recess performed its desired function of 
reducing the maximum downpull if its depth was made several 
times larger than the seal extension. At all openings the pres- 
sures on the upper seal were nearly balanced. For gate openings 
less than 40 per cent, the presence of a recess with a uniform 
depth introduced an undesirable complication. With the down- 
pull force on the top seal eliminated by the recess, the increase in 
pressure which occurred at small gate openings over that portion 
of the bottom which underlay the seal was large enough to re- 
verse the direction of the net hydraulic load. The gate was ac- 
tually subjected to an uplift force large enough to offset its 
weight. 

The effectiveness of the recess in balancing the pressures on the 
top seal was directly proportional to its depth. By varying the 
depth in the manner shown in Fig. 3, the reversal of net force on 
the gate was eliminated and the downpull varied as shown in 
Fig. 3. The maximum downpull of 70,000 lb occurred at a gate 
opening of 80 per cent. 

Since the dead weight of the gate and lifting mechanism is 
90,000, and 10,000 lb, respectively, the maximum total load on 
the gantry crane, including a downpull of 70,000 lb, will be 
170,000 pounds. This is less than the permissible load on the 
bridge, so the design was accepted as being satisfactory. 


Tue Coaster GATE 


The coaster gate is mounted on endless roller trains and is 
lowered by its own weight in structural guides provided in the 
face of the dam to an accurate position over the intakes, Fig. 4. 
The gate consists primarily of a downstream skin plate mounted 
on horizontal beams which are supported by vertical girders at 
the sides. 

The roller trains around each vertical girder transmit the water 
load on the gate to tracks on the face of the dam at the inlet. 
The tracks are fastened to large CB-sections embedded in block- 
outs provided in the original concrete of the dam, Fig. 5. A 
rectangular steel framework embedded in the concrete around 
the circular inlet supports accurately finished seal seats which 
project slightly from the face of the dam. 

When the gate is used to close one of the conduits on the lower 
tier, it is subjected to a head of some 330 ft, equivalent to 22,000 
psf or a total load of approximately 2,750,000 Ib. As the gate 
weighs only 90,000 lb, roller trains were selected to minimize the 
friction forces so that the gate would close under its own dead 
weight. : 

Metal-covered rubber ‘“‘music-note” seals, Fig. 5, are provided 
on the downstream face of the skin plate. The design utilizes 
the flexibility of a rubber hinge which permits close local adjust- 
ment but retains the rigidity of metal to support the load of ap- 
proximately 125 lb per linear in. to which the seals are subjected 
when the gate is in the closed position. The rubber core also 
permits simple butt and miter joints to be used in the seal as the 
load on the seal is converted to axial compression which acts to 
seal the joints. ; 

Advantage is taken of the pressure differential across the gate 
to retract the seals when the gate is closing under flow. This 
eliminates drag on the seals and materially reduces the force re- 
sisting closure just as the gate is seated. To accomplish retrac- 


Fig. 4 Typicat Coaster-Gate LystTaLLaTION 


tion the area immediately back of the seals is closed at the sides. 
This forms a continuous watertight rectangular chamber having 
the movable portion of the rubber seal for one of the sides. 
Pipes connect this chamber, through a two-way valve, to either 
the reservoir pressure on the upstream side of the gate or to the 
reduced pressure on the downstream side of the gate. 

The valve is operated by the overtravel of the relatively 
heavy gate-lifting stem. While the gate is supported by the 
lifting stem, the valve position admits the downstream pressure 
to the seal chamber and the seal retracts approximately 4/15 in. 
As soon as the gate is seated in the closed position over the inlet, a 
4in. overtravel of the lifting stem reverses the valve to admit 
reservoir pressure to the seal chamber and the seals are forced 
into contact with the seat. 

Channel-shaped guide shoes at each corner of the gate engage 
tongues on the guides in the face of the dam, Fig. 5. The dis- 
tance, face to face, of the guide tongues is held accurately during 
installation to a clearance of 1/, in. in each shoe, except for a 
short distance near the conduit opening. Below an elevation 
slightly greater than one gate height above the top of the conduit 
opening the clearance is reduced practically to zero by making 
longer tongues on the guides. This causes the gate to be squared 
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as accurately as possible with the tracks just before it receives 
the water load when closing under emergency-flow conditions. 
The shoes are spring-loaded with snubbed springs set with an 
initial compression sufficient to prevent deflection during this 
operation. 

After the gate receives water load, it is practically impossible 
to guide the rollers or the gate, because of the extremely high 
unit contact pressure between the rollers and the track. The 
spring-loading of the shoes allows the gate to move laterally as 
much as 1/2 in. in either direction, while closing under load, with- 
out excessive binding or probable breaking of the shoes. When 
the load on the gate is removed, the capacity of the springs is 
sufficient to square it again. 


OPERATION OF GATE 


The gate is stored in a covered pit in the top of the dam. Ex- 
cept in case of emergency, it is used only during a few months of 
the year, when conditions are most favorable for inspection and 
servicing of the control valves and conduits. 

The inlets to the conduits through the dam are arranged so 
that fourteen sets of guides serve the eighteen conduits. The 
four conduits of the lower tier, which are 335 ft below the spillway 
bridge, are served by the same set of guides as four of the con- 
duits of the intermediate tier, which are 235 ft below the spillway 
bridge, Fig. 6. The other ten conduits are served by individual 
sets of guides. 

The placing of the gate in the guides on the face of the dam re- 
quires careful handling. The gate must be lowered approxi- 
mately 90 ft below the bridge, and 75 ft below the normal water 
surface before engaging the guides. The upper ends of each set 
of guides are tapered in the plane parallel to the face of the dam 
in such a way that in the event the gate is lowered slightly 
off-center, it is forced to correct itself and allow the channel- 
shaped shoes on the gate to engage the tongues on the vertical 
guides. ‘ 

Engagement of the shoes in the direction normal to the face 
of the dam is provided for in the following manner: 

The gate is lowered in a plane slightly upstream from the face 
of the dam until it is below the sloping face of the spillway crest. 
It is then snubbed back into contact with the face of the dam by 
snubbing ropes, Fig. 6, from the downstream edge of the bridge 
structure. Continued lowering will then cause the gate shoes to 
engage the guides and the operation can continue. 

A gate-lifting frame, Fig. 7, with a semiautomatic grappling 
mechanism is used to handle the gate. After the gate is seated 
in front of a conduit, the lifting frame may be released from the 
gate and hoisted to the bridge. This arrangement is necessary 
as the gate is required to remain in place in front of a conduit 
for several weeks at a time and the crane must be free to per- 
form its other functions. 

The position of the gate cannot be observed after it is lowered 
into the water. Consequently, a safety device is provided to in- 
dicate proper engagement of the gate shoes. This device con- 
sists of ropes attached to a tripping mechanism at each lower 
corner. of the gate. When the shoes engage the tongues of the 
guides, the rope is released by the tripping mechanism. ‘Two 
men are stationed on the bridge to pay out the telltale ropes as 

' the gate is lowered. If both ropes are released after lowering the 
gate a reasonable distance below the top of the guides, it is evi- 
dent that the guides have been engaged properly. 

Lowering is continued until the gate is supported by stops on 
the guides at the inlet of the conduit. The stops are located so 
that the gate comes to rest exactly in the closed position in front 
of the inlet. The lifting frame continues downward approxi- 
mately 4 in. until it comes to rest on the top of the gate. The 
4-in. travel of the lifting stem down into the gate causes the gate 
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seals to close. The same motion causes the grappling mecha- 
nism in the lifting frame to release and aslack-cable limit switch, 
located on the crane, stops the lowering motion of the hoist. 

If only one conduit is served by a set of guides, a single stop is 
provided in the face of the dam directly below the conduit open- 
ing. Where two conduits are served by the same set of guides, 
.that is, where one conduit is located above the other, a single 
stop is provided directly under the lower one. Stops for the 
upper one are located at the sides of the conduit, Fig. 6. Rocker 
arms, or pawls, are provided at each side of the gate and are in- 
terconnected by a linked tension bar. When it is desired to close 
the upper conduit, the bar is extended and the rocker arms are 
pushed outward to a position where they will contact the stops 
at the sides of the upper conduit and act as an equalizer as the 
gate comes to rest. If the lower conduit is to be closed, the bar 
is retracted so that the rocker arms, Fig. 7, will clear the stops 
at the side of the upper conduit, and the gate comes to rest on 
the signal stop below the lower conduit. 

To remove the gate the operations described are reversed, ex- 
cept that the telltale ropes are attached to the tripping mecha- 
nism at each lower corner of the lifting frame. : 


GANTRY CRANE 


The crane, an outdoor, traveling, gantry type, Fig. 8, is elec- 
trically operated and is provided with a 125-ton fixed hoist which 
handles the gates, and a 25-ton trolley hoist which handles parts 
of gates during assembly. The latter is also used infrequently 
to install stop logs in front of the power penstocks. The 125-ton 
capacity was determined by the installation and servicing condi- 
tions of the coaster gates for the main power-penstock inlets. 
These inlets are located in the curved portion of the dam, where 
the solid construction will support practically any crane load. 
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Fie.8 Gantry CRANE IN Use WitH Lirtinc MecHaNIsM AND Out- 
LET ConpuiTt Coaster Gate SuspenpED From 125-Ton Fixep 
Horst 


As previously mentioned, the bridge structure over the spillway 
portion of the dam in which the river outlets are located made 
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it economically desirable to limit the crane load at this point to 
only a fraction of the hoist capacity in order to avoid a heavy 
and expensive structure which would not be otherwise required. 
The crane can transfer a load from any point on the dam to the 
overhung position upstream from the face of the dam. All gates 
are installed and operated from the overhung position. 

The crane operates on 27-ft-gage tracks. The tracks are 
straight for approximately 375 ft on the bridge structure over 
the spillway section at the center of the dam. The remainder 
of the track has a 2500 ft radius of curvature for a distance of 
1425 ft along the roadway on top of the right abutment. 

The combination of straight and curved track made it im- 
practical to use the conventional drive with one motor driving a 
shaft leading to the trucks on either side. Instead, separate 
motors were mounted on each of four trucks with 50 per cent of 
the track wheels driving. Direct current for operation of the 
four 8-hp shunt-wound motors is provided by a generator set. 
The use of direct current was made necessary by the unequal 
loading of the motors. 

Accurate spotting of the gates is provided by direct-current- 
motor-operated hoists and Maxspeed control. In case the gate 
should encounter some obstruction in the guides, a special type 
of control was provided for the hoist. This control limits the 
maximum lifting effort when the crane is located on the bridge. 
If a conventional hoist with alternating-current motor and stand- 
ard control had been provided, the maximum lifting effort on the 
crane hook under a 275 per cent breakdown torque of the motor 
would have been approximately 350 tons. The modified Max- 
speed control limits the lifting effort at the hook to 175 tons. 
The control is the full-magnetic, reversing, master type. It has 
definite time-limit acceleration relays and six speeds in each di- 
rection of operation. Due to the extremely long lift of 360 ft, a 
mechanical load brake was not considered feasible and direct- 
current dynamic braking was provided. 

A panel of indicating lights in the operator’s cage warns him 
when the gate is approximately 16 ft above the closed position 
in front of any conduit. A lighting system, including floodlights, 
was installed on the crane so that the gates could be operated at 
night. 


Speed and Feed Selection in Carbide Milling 
With Respect to Production, Cost, 
and Accuracy 


By HANS ERNST! anno MICHAEL FIELD? 


The present paper reports findings of a research on milling 
cast iron with carbide-tipped cutters in addition to those 
presented previously in 1945 by Michael Field and W. E. 
Bullock.’ An important finding of the earlier work was 
the existence of a definite maximum tool-life point, i.e., 
at 290 fpm, in relationship of cutting speed to tool life, 
when milling a cast iron of medium hardness (Bhn 190). 
Subsequently, it was found that a similar maximum tool- 
life point, i.e., 200 fpm, occurs when milling a considera- 
bly harder and less machinable cast iron (Bhn 240). An 
important outcome of the earlier phases of the research 

- was the development of a combination of tool angles which 
gave much greater tool life and a considerably higher 
production rate. The original work was done with single- 
point tools, whereas a multitooth cutter was subsequen- 
tly developed, details of which and the results obtained are 
included in the paper. A comprehensive account is given 
of the recent studies, illustrated by numerous test curves, 
and a practical analysis of milling costs. 


N a previous paper® by Michael Field and W. E. Bullock, 
results were given in part of a research on the milling of cast 
iron with carbide-tipped cutters, which had been conducted 

at the University of Cincinnati. The present paper covers cer- 
tain subsequent findings of this research, together with a further 
elaboration and application of éarlier findings. 

One of the important findings reported in the previous paper 
was the existence of a definite maximum tool-life point in the 
relationship of cutting speed to tool life, when milling a cast 
iron of medium hardness (190 Bhn), designated as Meehanite A. 
This relationship is reproduced in the upper curve of Fig. 1. Here 
it will be seen that the average of the tool-life values for 210 fpm 
falls well to the left of the average of the values for 290 fpm. 
At higher cutting speeds all the values of tool life are also to the 
left of the value for 290 fpm and fall approximately on a line 
representing the equation VL*> = 7800, where V = cutting 
speed (ft per min) and LZ = tool life (cu in. of metal removed). 

In a subsequent series of tests, it has now been found that a 
similar maximum tool-life point occurs when milling a considera- 
bly harder and much less readily machinable special grade of 
alloy cast iron, designated as Meehanite C-304B. The Brinell 
hardness of this material was 240; its chemical composition is 
given in Table 1, together with that of Meehanite A. 


1 Research Director, The Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Fellow A.S.M.E. 
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TABLE 1 CHEMICAL PROPERTIES OF CAST IRONS USED IN 


CUTTING TESTS 


Meehanite A, Meehanite 


per cent C-304B, per cent 

MotaliGar bon. <pjarcietore ete aters erore lel eteinnes kes 2.85-3.15 2.90-3.20 
STliGon-arcreccisiene elenesceeine te orctaere Gr eieuateu rs 1.20-1.50 2.45-3.00 
Phosphorus. cielgeierysieieae aerate sees 0.12 Max 0.18 Max 
Sulpiinnenmatserrettererctccts cisisiieie es meme 0.20 Max 0.20 Max 
IWampanmes@y, ics terete ices tanec cee trae 0.80-1.20 0.75-1.00 
Chromium), ; ¢<c650s 02 oes a eras 1.00 
COPPeraae vee Seles hrc cnet eran ereeharer RENE : 
WiGhAxekyben anoktoge sombre stomaban oe pare 0.50 


The tool-life values for Meehanite C-304B, expressed in cubic 
inches per tool grind, are shown by the lower curve in Fig. 1. 
The maximum tool-life point here occurs at about 200 fpm in con- 
trast to 290 fpm for the softer Meehanite A. The portion of the 
line to the left of this point is quite definitely curved, again in 
contrast to the straight line of Meehanite A. 

The existence of a rather critical maximum tool-life point 
(which has now been found in a considerable number of tests) 
is a matter of real importance in practical milling. It indicates 
clearly the impossibility of predicting tool-life values in the 
normal speed range by extrapolation from the results of tests 
above 500 fpm. 

Another important outcome of the work? previously reported, 
was the development of a combination of tool angles which gave a 
much greater tool life (in terms of metal removed per grind), 
and a considerably higher production rate, than could be ob- 
tained with the angles used in conventional practice. The 
initial work was done with single-point tools in which the effec- 
tive angles could be readily changed. In later work a multitooth 
cutter was used. One such cutter is shown in Fig. 2. 

The basis for this development was established in 1937, in an 
investigation covering theeperformance of face-milling cutters 
with very large corner angles. Ina report of this investigation by 
M. Kronenberg,‘ it was shown that very large corner angles had 


4 Research Department, Cincinnati Milling Machine Company 
(confidential report). | 
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the unique property of distributing the work of chip removal over 
a much greater length of cutting edge than conventional corner 
angles of zero to 45 deg, thus permitting the use of a very high 
feed per tooth, and a consequent high rate of metal removal. 

The upper view in Fig. 3 shows in diagrammatic fashion a 
face-milling cutter with a conventional 30 deg corner angle. 
In this figure the workpiece is assumed to be feeding to the left, 
and the small cross-hatched area represents the cross section of 
the metal which will be removed by the next tooth. Thus for a 
given feed per tooth F,, the thickness of the undeformed chip will 
have the value t. : 

In the lower view in Fig. 3 the corner angle of the cutter is 
75 deg. For the same value of the undeformed chip thickness ¢, 
it is evident that in this case the feed per tooth F, must have a 
much larger value. It is also clear that the length of cutting 
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edge engaged with the work is here much greater, even though 
the depth of cut is the same as in the upper view. Thus for a 
given value of t, the cross-sectional area of metal removed per 
tooth will be much greater even though the load on each ele+ 
ment of length of the cutting edge remains virtually unchanged. 

In the numerical example, illustrated in Fig. 4, it is shown 
that for a constant value of 0.013 in. for the undeformed chip 
thickness, the feed per tooth with the 30 deg corner angle cutter is 
0.015 in., while with the 75 deg corner angle it is 0.050 in. This 
represents a rate of production 333 per cent that of the lower 
corner angle. 


75° CORNER ANGLE 


FEED PER TOOTH 


Fie. 4. Exampte SHowine Increase or Frnp per Toota FROM 
0.015 In. ro 0.050 In. as Corner AneuE Is INcREASED FRom 30 TO 
75 Dec ror A ConsTANT UNDEFORMED Cuip THICKNESS GF 0.013 IN. 


In practice it is difficult to uttlize such large corner angles and 
high potential feed rates with the present commercially used 
numerically small values of axial and radial rake angle (either 
positive-positive; negative-negative, or positive-negative). Prob- 
lems of chip disposal, high impact loads, smoothness of finish, 
flatness, etc., are all limiting factors. These difficulties have 
been overcome to a high degree of satisfaction with the com- 
bination of angles and arrangement developed in this investiga- 
tion; viz., large negative radial rake (—30 deg to —45 deg); 
large positive axial rake (-+-15 deg to +20 deg), and large corner 
angle (70 deg to 80 deg). In the 12-tooth cutter, shown in Fig. 2, 
the values used are axial rake, +15 deg; radial rake, —30 deg; 
and corner angle 75 deg, giving a true (or resultant) rake of +6 
deg. This designation may be abbreviated, +15, —30, 75, +6. 
(Qypcc au 

The very large feed per revolution obtainable with such a 
cutter (1/2 in. to lin. or more, depending on number of teeth and 
material cut) presents a difficult problem in surface finish. 
This is particularly true with large carbide-tipped cutters owing — 
to the difficulty of grinding the ends of all teeth exactly alike. 
This problem has been solved in the present instance by providing 
a separate finishing tooth with fine axial adjustment and a face 
sufficiently broad to cover at least the feed per revolution; it is 
set so as to extend a few thousandths of an inch beyond the 
“highest” of the roughing teeth. This separate finishing tooth is 
shown at the top in Fig. 2. 

With this arrangement, the main teeth are ground so as to cut 
on their angularly disposed. edges only. The adjacent edges 
do not lie in a radial plane but are sharply relieved so as to 
clear the finished surface, the latter being produced entirely by 
the separate finishing tooth. By separating the functions of 
roughing and finishing, it is also possible to use for the finish- 
ing tooth a very hard and abrasion-resistant grade of carbide; 
and if desired, a large positive axial rake angle, as this tooth 
does not have to withstand an impact load. 

A characteristic feature of this cutter is the large positive 
angle of inclination (82 deg in the cutter shown in Fig. 2). 
The angle of inclination is the angle between the cutting edge and 
a plane normal to the path of motion. This large positive angle 
produces a helically curled chip which flows radially out of the 
cutter body, even with very high values of feed per tooth. The 
electronic flash photographs of a single-tooth cutter with this 
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(a) 
Fie. 5 Fuasn Proros SHow1ne Unusvau Hevicat Cure ForMATION 1n Cast Iron, WiTH Cutrer Havine Axial RAKE or +15 Dza, 
RapiaAu Rake OF —30 Dea, AND CORNER ANGLE OF 75 DEG 
(In b, the chip is somewhat further developed than in a.) 


angle combination, Figs. 5 (a) and 5 (6), made with an exposure 
time of about 0.000004 sec, clearly show this helical chip formation. 

In early tests with the multitooth cutter, cast-iron test blocks 
were milled at feed rates of over 100 ipm. Such a cut is shown 
by the high-speed flash photograph, Fig. 6. : 


SELECTION OF FEED AND SPEED IN PropucTION MILLING 


In practical applications of carbide milling, the question 
naturally arises as to what factors actually determine the speeds 
and feeds which can properly be used. The performance il- 
lustrated in Fig. 6, although spectacular, may not be possible, or 
desirable, on a given job. In any milling operation certain qual- 
ity specifications such as flatuess, breakout, and surface finish 
must first be satisfied; any of these requirements may limit the 
feed rate to a value appreciably lower than the maximum ca- 
pacity of the machine or cutter. 

In order to study the quality of surface obtainable when 
milling with the cutter shown in Fig. 2, the head and pan sur- 
faces of an automobile cylinder block were milled on a special 
fixed-bed milling machine, Fig. 7. This machine was provided 
with a hydraulic feeding mechanism by means of which the 
table could be operated at feed rates up to 300 ipm. The 
spindle was driven by a separate 40-hp motor. The cylinder 
block was held in a fabricated fixture. The cylinder-block head 
surface was 71/, in. wide X 23%/2 in. long, while the pan sur- 


(6) 


Fig. 6 Cast-Iron Buock Brine MILurp at Freep Rate or 100 
Ipm 


(Width of cut = 6in.; depth of cut = 0.150 in.; cutter, 95/3 in. diam, 12 
teeth, +15, —30, 75, +6; cutting speed, 350 fpm.) 


210 


Fig. 7 Frxep-Brep Mruiine Macuine Usep ror MILiine TxEsts on 
CYLINDER Biocks WITH SPECIAL CUTTER SHOWN IN Fia. 2 


VARIATION IN FLATNESS ~ INCHES 


° 10 20 30 40 50 
FEED RATE - INCHES PER MINUTE 


60 70 


Fie. 8 WaRIATION IN FLATNESS VERSUS FEED RATE 


(Milling head surface of cast-iron ayindes block with special cutter shown in 
ig. 2. 


face was 11!/, in. wide X 25 in. long. Cuts were made at 280 
fpm, at feed rates up to 70ipm. The thin wall sections and cored 
openings in the block presented a difficult test for these high feed 
rates. 

Flatness. The variations in flatness obtained in milling the 
head surface of the block at both 0.150-in. and 0.020-in. depths 
are shown in Fig. 8. Taking a roughing cut 0.150 in. deep, the 
departure from surface flatness was 0.0044 in. at a feed rate of 70 
ipm. This may be considered satisfactory, since such a heavy 
cut would always be followed by a finishing cut. At 0.020 in. 
depth, the flatness error never exceeded 0.0015 in. at any feed 
rate up to 70 ipm. 

Breakout. In milling cast iron, the breakout on the work at the 
side where the cutter teeth emerge from the cut may possibly 
limit the maximum feed. The relation of breakout to feed rate, 
measured at the cylinder bores while taking a 0.150-in-depth cut, 
is shown in Fig. 9. The cylinder bores had 0.125-in. finishing 
stock, so that the 0.070-in. breakout at 70 ipm left a comfortable 
margin of safety. 

Surface Finish. The surface finish obtained in milling the pan 
surface of the cylinder block is shown in Fig. 10. The surface fin- 
ish improved somewhat as the feed rate was reduced. How- 
ever, even the worst surface finish (230 microinches at 70ipm, with 
a depth of 0.150 in.) would be satisfactory as a roughing cut. 
Figs. 11 (a) and (6) are reproductions of Faxfilm replicas showing 
the finish obtained at 70 and 26 ipm, respectively. By careful 
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attention to the shape and smoothness of the cutting edge on the 
finishing tooth, a very high quality of surface can be obtained on 
finishing cuts. , 

Tool Iife. There are, of course, other factors than quality 
specifications that influence the choice of speed and feed. Chief 
among these is tool life. 

Fig. 12 shows the relationship between tool life (measured in 
terms of cubic inches of metal removed per sharpening) for a 
single-tooth cutter having the combination of angles developed 
in this investigation, and used in the multitooth cutter, Fig. 2. 
In this case the work material was Meehanite A. Here again a 
definite maximum tool-life point occurs at about 300 fpm; both 
above and below this speed the tool life rapidly decreases. 
Higher cutting speeds permit higher feed rates, and, conse- 


<b 
BREAKOUT AT CYLINDER BORES (MAX) 


OPERATION: MILLING HEAD SURFACE OF 
CAST IRON CYUNOER BLOCK 


425" STOCK ON SIDES OF CYLINDER BORE 


FEED RATE — INCHES PER MINUTE 


Fie. 9 Maximum Breakout at CrLinpeR Bores Versus Frep 
RATE 
(Milling head surface of cast-iron cylinder block with special cutter shown 


in Fig. 2. Depth of cut, 0.150 in.) 
° 
° 10 20 30 a0 30 c) 70 
FEEO RATE — INCHES PER MINUTE 


Fie. 10 Surrace Finish Versus Frep RATE 


(Milling pan surface of cast-iron cylinder block with special cutter shown in 
Fig. 2. Depth of cut, 0.150 in.) 


(a) (b) 
11 Surrace Finish OBTAINED ON 
Buock WirTH SpeciAL Currer SHOWN IN Fia. 2 


Fie. Cast-Iron CYLINDER 


(Depth of cut,0.150in. Fig. a:70ipm feed rate, 230 microinches,rms. Fig. 
b: 26 ipm feed rate, 140 microinches rms; magnification, X20.) 
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quently, higher production, but as is evident from the curve, 
this can be gained only at the expense of cutter life. 


Cost or MILLING AND Rate OF PRODUCTION 


From the foregoing discussion it is evident that the selection 
of speed and feed in milling must take into consideration a 
number of factors such as tool life, surface quality, production 
rate, breakout of trailing edge of work, etc., any one of which 
may be of paramount importance in a particular case. In the 
final analysis, the best combination must be determined by eco- 
nomic considerations; in other words, by the best balance be- 
tween production rate and cost per piece. Hence it is neces- 
sary first to study in detail all of the elements entering into the 
cost of production. 

‘In the paper? previously mentioned, the factors that deter- 
mine milling cost were combined into the following equation 


c[lualoee e2)}[o} 


Tnitial 
cost of 
cutter 


Milling cost 


Cutter preparation cost 


C = total cost to mill one piece, dollars 
Myo = labor + overhead on milling machine, $/min 
Gro = labor + overhead on cutter grinder, $/min 
Bro = labor + overhead on brazing unit 
(assumed = G9), $/min 
T,, = total time to mill one piece, min 
= feeding time + rapid traverse time + loading and 
unloading time 
T., = original set-up time on milling machine, min 
Ny, = total number of pieces in lot 
T, = time to change and reset cutter, min 
7, = time to resharpen cutter, min 
N, = number of pieces milled per cutter sharpening 
T , = time to rebraze teeth (or reset blades), min 
Nx = number pieces milled per brazing (or resetting) 
C,, = original cutter cost per workpiece 
C, = carbide (or blade) cost per workpiece 
W = wheel (diamond or abrasive) cost per sharpening 


From this equation the production rate in pieces milled per 
60-min hr (P) can be derived : 
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The cost equation also indicates that the two major factors 
which determine the cost’ of milling are the actual milling cost 
(or metal-removal cost), and the cutter preparation cost. The 
original cutter cost per piece milled is generally negligible, except 
for short jobs that require special cutters. 

In order to illustrate the application of a eost analysis to 
speed and feed selection in practical cases, specific examples 
will be presented to show the effect of such factors as work mate- 
rial, cutting speed, feed per tooth, number of teeth in the cutter, 
loading and unloading time, number of pieces in the lot, and the 
length of cut. The following assumptions will be common to all 
of the examples: 


Operation: Face mill cast-iron block 

Cut dimensions: 6 in. wide, 4/5 in. deep, 20 in. long (except 
where noted) : 

Cutter: 10 in. diam, +15 deg axial rake, —30 deg radial 
rake, 75 deg corner angle, +6 deg true rake, 12 teeth (except 
where noted) 

Feed per tooth: 0.050in. (except where noted) 

Approach to work: 10 in. 

Overtravel of cutter past work: 10 in. 

Number of pieces in lot: 10,000 (except where noted) 

Time to load and unload: 1 min (except where noted) 


$1.00 per hr 
$4.00 per hr 
$1.00 per hr 
$1.25 per hr 


Labor cost on milling machine................. 
Overhead on milling machine.................. 
Labor cost on cutter grindery.. sen... 002. 
Overhead on cutter grinder..............4. dows 


Then M,o = $.0832 per min 
Gro = $.0374 per min 


Rapid traverse rate = 300 ipm 


a 
] 


= 60 min 
Dees Oprota 
T, = 20 min per tooth 
T, = 5 min per tooth 
Ne = 4 N, 
Original cutter cost $200 
~ No. of pieces milled with cutter ~ 50,000 
$2.00 X No. teeth 
a 3 Nz 
$0.20 No. teeth 


atin ay ee (for diamond grinding wheel) 


The time to mill one piece 7’,, will then be 


10 +1 10 + 1+ 20 
a mr 


= $0.004 


Tn 


where 

1 = length of cut, in. 

f = feed rate, ipm 

r = rapid traverse rate, ipm 

T,=time to load and unload, min. 

The number of pieces milled before the cutter has to be re- 
sharpened, N,, will be 


No. teeth X L 


N, = ae ; 
* Cubic inches removed per piece 


where 


L = tool life, cu in. removed to dull one tooth, obtained from 
cutting-speed versus tool-life curves (such as Fig. 12) 


CUTTER' 10" OIA. 12 TEETH +15,-30, 75,6 
MATERIAL: MEEHANITE "A"I9O BHN 


200. 300 400 5S 
CUTTING SPEED~ FEET PER MINUTE 
Anatysis or Toran Minurne Cost 1n Terms oF Its 
PRINCIPAL COMPONENTS 
3/16 in, deep, 6 in. wide, 20 in. long.) 


Fie. 13 


(Dimensions of cut: 


400 500 700 


CUTTING SPEED  — FEET PER MINUTE 


Fie. 14 Propuctrion Rate anp Cost prErR Pigce Versus Currine 
SPEED 
(Dimensions of cut: */16 in. deep, 6 in. wide, 20 in. long.) 

The manner in which the cutting cost components vary with 
cutting speed, in milling Meehanite A, is shown in Fig. 13. 
The cutter preparatign cost is a minimum at 290 fpm, because at 
this speed the tool life was a maximum (see Fig. 12). The metal- 
cutting cost drops rapidly as the speed is increased from 200 to 
400 fpm, but at higher speeds the milling cost remains practically 
constant because the increase in feed rate is offset by the time lost 
in changing and resetting cutters which results from the de- 
creased tool life. The total cost per piece is the sum of the 
cutter preparation cost and the metal-cutting cost. This total 
cost is likewise seen to be a minimum at 290 fpm. 

But the cost per piece may not be the most important factor. 
Under certain conditions, the production rate may be equally 
important as the cost per piece, and in some cases may be even 
more important. The production rate required on a machine 
may be determined by the capital investment and by the incon- 
venience or delay in obtaining additional equipment. For ex- 
ample, it may be desirable to sacrifice tool life by operating at 
higher cutting speeds in order to obtain a definite production 
rate with a given number of milling machines. 

The production rate, measured in number of pieces milled 
per 60-min hr, and the cost per piece, vary with cutting speed 
as shown in Fig. 14. The production rate for both of the mate- 
rials tested (Meehanite A and Meehanite C-304) rises rapidly 
as the speed is increased from 200 to 400 fpm, but at the higher 
speeds these increases are less pronounced owing to the increase 
in time lost when changing cutters. The total cost per piece for 
Meehanite C-304 is practically constant between 200 and 300 fpm, 
but at the higher speeds the cost rises rapidly. The differences 
in cost and production between the two grades of Mechanite 
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are due to the differences in their machinability characteristics. 
From Fig. 14 the speed which gives the best combination of 
cost and production can be readily determined. In milling 
Meehanite A it is obvious that 300 or 400 fpm would be a more 
economical speed than 200 fpm. 

Quantitative comparisons may also be made. Thus in milling 
Meehanite C-304, the cost at 300 fpm would be 1.07 times as high 
as at 200 fpm, whereas the production rate at 300 fpm would be 
1.11 times as high. Thus at 300 fpm, for a 7 per cent increase 
in cost, one could obtain a production increase of 11 per cent. 
In a like manner, the economy of operation at other cutting 
speeds can be compared. 

In the case just discussed, the feed per tooth was held con- 
stant at 0.050 in. A thorough analysis of cost and production, 
however, must take into consideration a wide range of feeds per 
tooth as well as cutting speeds. r= § 


UTTER: + 15-30, 756 
CARBIDE 444A 

MEEHANITE: C- 304, 220 B.H.N. 
WIOTH OF CUT-6IN. 


TOOL LIFE-TOTAL VOLUME METAL REMOVED - CUBIC INCHES 


0052 0078 O04 0130 
MAX. CHIP THICKNESS -INCHES 


Fig. 15 Toou Lire, 1n Terms or Torat Voutume or Metat RE- . 


MOVED VERSUS FEED PER TooTH, ar Constant Currina SPEED 


In Fig. 18 of the paper by Field and Bullock® (reproduced 
here as Fig. 15), the interrelation of feed per tooth and cutting 
speed, with tool life, is shown for the 75-deg corner angle cutter 
when milling Meehanite C-304. Here the tool life (expressed in 
cubic inches of metal removed per tooth) is plotted against feed 
per tooth at constant cutting speeds. Note that here the maxi- 
mum tool life occurs at 0.050 in. feed per tooth, regardless of the 
cutting speed. In Fig. 16 the cost and production rate have 
been plotted against feed per tooth, at constant cutting speeds, 
using the tool-life data from Fig. 15. Inspection of Fig. 16 
shows that the minimum cost likewise occurs at 0.050 in. feed per 
tooth for all cutting speeds. 

Many interesting facts are revealed by a study of the curves in 
Fig. 16. For instance, it will be noted that for cutting speeds of 
200 to 400 fpm, the cost curves are relatively flat with feeds per 
tooth between 0.040 in. and 0.060 in., but rise rapidly with feeds 
per tooth below 0.040 in. For cutting speeds above 400 fpm, 
the cost curves show a sharp minimum at about 0.050 in. feed 
per tooth. In contrast, all the production-rate curves rise rapidly 
with feeds per tooth up to 0.040 in., while above 0.040 in. only 
those for cutting speeds of 400 fpm and under continue to rise - 
appreciably. At 500 fpm the production-rate curve is rela- 
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CUTTER: 10 DIA I2TEETH +15 -30 75 +6 
MATERIAL: MEEHANITE C-304, 220 BH.N. 
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Fic. 16 Preces PER Hour anv Cost par Pisce VERSUS Frep ppR Tooru at Constant Currine SpEEps 


(Dimensions of cut: 


tively flat above 0.040 in. feed per tooth, while at 700 fpm, the 
curve actually peaks at a feed per tooth of 0.050 in. In this 
neighborhood the vertical interval between the production-rate 
curves decreases as the speed is increased, while the interval 
between the cost curves rapidly increases. 

From the curves in Fig. 16 it is therefore apparent that for 
this particular example of cutter and work, the most desirable 
combination, from the standpoint of both cost and production, 
is with a cutting speed of about 300 fpm, and a feed per tooth of 
about 0.050 in. to 0.055 in. If the cutting speed were increased 
from 300 to 400 fpm, the cost per piece would be increased 10 per 
cent, while the production rate would increase only 5 per cent. 
On the other hand, if the cutting speed were reduced from 300 to 
200 fpm, the cost would be decreased only 5 per cent, while the 
production rate would decline 10 per cent. 

With a cutter of 95/3 in. mean diam, (as in Fig. 2), a 300-fpm 
cutting speed would correspond to a rotation of 120 rpm. With 
12 teeth in the cutter and a feed per tooth of 0.055 in., the feed 
rate would then be 120 X 12 X 0.055, or 80 ipm. Under these 
conditions, the total volume of cast iron, Meehanite C-304, which 
could be removed before the cutter would need resharpening 
(using the data from Fig. 15), would be about 4200 cu in. or ap- 
proximately 1200 lb. 

Tf a cutting speed of 400 fpm were used, the feed rate would be 
107 ipm, but the total volume of metal removed before sharpen- 
ing would be reduced to 2640 cu in. Under these conditions, 
using the data from the curves in Fig. 16, it can be shown that the 
production rate would be increased 5.4 per cent while the cost 
per piece would be increased 22 per cent. 

From the tool-life curve in Fig. 12, it is interesting to note that 
if Meehanite A had been used instead of Meehanite C-304, the 
volume of metal removed before sharpening, at a cutting speed of 
300 fpm, would be 12,000 cu in., or approximately 3100 lb. 


OrHER Factors INFLUENCING PropuctTion RATE AND MILLING 
Cost 


There are still other important factors than quality specifica- 
tions and tool life, however, that influence production rate and 
cost of milling. 

Number of Teeth in Cutter. In Fig. 17 is shown the effect of 
the number of teeth in the cutter when using an optimum com- 
bination of cutting speed and feed per tooth. Here it will be 


3/16 in. deep, 6 in. wide, 20 in. long.) 
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NUMBER OF TEETH IN CUTTER 


Fie..17 Preces per Hour anpD Cost Per Pizcr Versus NUMBER OF 
Tern IN CUTTER 
(Dimensions of cut: 4/16 in. deep, 6 in. wide, 20 in. long.) 


seen that there is a rapid drop in cost and a rapid rise in produc- 
tion rate as the number of teeth is increased from 1 to 4 in this 
10-in-diam cutter. As the number of teeth is further increased, 
both the cost and the production curves flatten out because the 
feeding time eventually becomes small in comparison with other 
fixed portions of the cycle time, such as the rapid traversing 
time, and the loading and unloading time. 

Loading Time. The effect of loading and unloading time on 
cost and production is shown in Fig. 18, for two conditions: (a) 
280 fpm cutting speed and 65 ipm feed rate; and (b) 500 fpm 
cutting speed, and 105 ipm feed. From this chart it will be 
seen that the cost at 500 fpm is a constant amount higher than 
at 280 fpm, regardless of the loading time. Furthermore, the 
cost per piece is a linear function of the loading time. The 
production-rate curves are flat at a high loading time because 
the feeding time here is short compared to the time to load and 
unload. However, when the loading time is decreased below one 
min, the production rates increase sharply. It will also be noted 
that no appreciable increase in production will be obtained by 
selecting the high speed and feed, unless the loading time is 
decreased. For example, at 0.1 min loading time, 102 pieces per 
hr could be milled at 500 fpm, compared to 80 pieces per hr at 


214 TRANSACTIONS OF 


” CUTTER) (0" DIA. |2 TEETH 415-30, 75,46 


WATEAIAL MECHANITE "A" 190 Brin 


2 3 
TIME TO LOAD & UNLOAD ~ MINUTES 


fic. 18 Pieces rer Hour anv Cosr pen Pirecn Vensus Time To 
LOAD AND UNLOAD 


(Dimensions of cut: 4/10 in, deep, 6 in. wide, 20 in. long.) 
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280 fpm. This is an increase of about 27 per cent. In con- 
trast, for a 2-min loading time, 22.5 pieces per hr could be milled 
with the high speed and feed, compared to 21 pieces per hr with 
the low speed and feed; an increase of only 7 per cent. 

Number of Pieces in Lot. The effect of the number of pieces 
in the lot being milled is shown in Fig. 19. If the number of 
pieces in the lot is small, the original setup time may seriously 
decrease the production rate and may add appreciably to the 
cost of milling. In the example chosen, it is seen that the cost 
and production curves change rapidly if there are fewer than 200 
pieces in the lot. However, for larger lots the changes in the 
curves are very small. It is furthermore interesting to note the 
small difference between 800- and 10,000-piece lots. There is a 
constant difference in cost per piece between the 500- and 280- 
fpm curve. The difference in production rates between the 
two cutting speeds is small for very small lots. However, this 
difference increases and eventually becomes practically constant 
above a 800-piece lot, 

Length of Cut. The effect of the length of cut on cost and 
production is shown in Fig. 20. The cost was about the same 
for both cutting speeds for a 5-in. length of cut. As the length of 
cut increased, the cost per piece to mill at the higher cutting 
speed increased over that of the lower cutting speed. Tow- 
ever, the production rate at 500 fpm was substantially higher 
than at 280 fpm for lengths of cuts of 5 to 30 in. 


MiLiuiNne or Srenu 


Turning now to the milling of steel, we may cite as an ex- 
ample an analysis made of an actual production milling job per- 
formed in the authors’ plant. The workpiece was a steel forg- 
ing (8.A.B. 4340, 415 Bhn) used as a ‘drag link” on the landing 
gear of the B-29 Superfortress. Two major milling operations 
were performed on this forging, namely, milling the inside and 
outside surfaces of the yoke on each end. The inside of the 
yoke was milled, with the setup shown in Tig. 21, on a Cincin- 
nati horizontal Ilydrotel using two staggered-tooth slotting cut- 
ters, 14 in. diam, having 8 teeth, tipped with a steel-cutting grade 
of carbide. The teeth were ground with an axial rake of —20 
deg, a radial rake of —20 deg, and 1/,in. radius. Mach cutter took 
a cut °/i, in. deep and 34/, in. wide. The work was fed into the 
cutter at a rate sufficient to provide a feed per tooth of 0.008 in. 
The return feed was made at the same rate so as to reduce the 
dimensional error due to springing of the workpiece, and to 
avoid marring the work, asa finish under 50 microinches (rms) 
had to be obtained. 

Three cutting speeds were chosen, 235, 290, and 370 fpm, re- 
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ia. 21 Serure ror Mitiina Instpm or Yok on AxLLoy Srepn 
loraina 
(“Drag link’’ for B-29 Superfortress.) 
spectively. From Fig. 22 it is seen that minimum cost and 


maximum production were obtained at 290 fpm. Designating 
the cost and production rates at this optimum speed 100 per 
cent, it is seen from the curves that, at a cutting speed of 235 
fpm, the cost increased to 104 per cent while the production 
dropped to 94 per cent, whereas at 370 fpm, the production re- 
mained at 100 per cent while the cost rose to 107 per cent. Ob- 
viously, a cutting speed in the neighborhood of 300 fpm was the — 
best for this particular operation. 
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The second major operation analyzed was the straddle-milling 
operation on the outsides of the yoke. This operation was per- 
formed on a Cincinnati 4-48 duplex Hydromatic miller, with the 
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MILLING YOKE ON DRAG _LINK 


1ECES PER 


PIECES PER HOUR & COST PER PIECE- % 


CUTTING SPEED - FEET PER MINUTE 


Fig. 24 Propvorion Ratw AND Cost per Pince Versus Currina 
Sprrp ror Mivuina Oursipp or Yorn on Draa LINK 


(Cutters; 6 in. diam., 6 teeth, —20 deg axial and radial rake, 30 deg. cor- 
nerlangle. Material: S.A.1. 4840, 415 Bhn, Depth of cut, 5/1o-in.; width 
of cut, 34/4 in.) 
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setup shown in Fig. 23, using a pair of right- and left-hand, 6-in- 
diam 6-tooth shell-end mills. The cutters had an axial rake of 
—20 deg, a radial rake of —20 deg, and a corner angle of 30 deg. 
These cutters also took a cut 5/i5 in. deep and 3?/, in. wide. 
Again, in order to obtain the specified surface finish and ac- 
curacy, the cutters were fed fully across each yoke surface. As 
shown in Fig. 24, the minimum cost per piece and maximum 
production rate occurred at 285 fpm. Designating this condi- 
tion as 100 per cent, it is seen that at 210 fpm the cost remained 
at 100 per cent, while the production dropped to 88 per cent. At 
380 fpm, however, the cost jumped to 181 per cent while the 
production rate dropped to 88 per cent. It is therefore evident 
that a cutting speed of about 300 fpm was the optimum for this 
operation. 


CONCLUSIONS 


The following conclusions can be drawn from the results of the 
work done thus far: 


1 It is not possible to extrapolate tool-life curves into the 
low-speed range from the results of tests made at cutting speeds 
over 500 fpm, for the following reasons: 

(a) From the results of tests made thus far it appears that 
the cutting-speed versus tool-life curve may often contain a 
maximum tool-life point toward the lower end of the speed range. 
This point seems to exist at a lower value for the harder grades of 
cast iron, 

(b) In certain cases the curve of cutting speed versus tool 
life is not a straight line in the lower speed range when drawn on, 
log-log paper. 

2 Practical tests of multitooth cutters with the combination 
of very large corner angle (70 to 80 deg), large negative radial 
rake (—30 to —45 deg), and large positive axial rake (+15 to 
+20 deg), have shown that this combination has unusually long 
life in terms of volume of metal removed before grinding. It also 
permits the use of very high feed rates and consequent high 
production without clogging of chips, and yet meets normal qual- 
ity specifications of flatness, surface finish, and breakout. 

3 Curves showing the relationship between cutting speed, 
feed, and tool life are essential for an intelligent selection of 
speed and feed. However, selection of speed and feed for prac- 
tical milling operations cannot be made directly from these 
tool-life curves, but must take into consideration also the effect 
of tool life on both cost and production. Proper balance be- 
tween these two factors can be made only on the basis of a com- 
plete cost analysis. 

4 Selection of speed and feed must also be made on the basis 
of meeting quality specifications, such as flatness, surface finish, 
and breakout. 

5 Cost and rate of production are also affected by number 
of teeth in the cutter, loading time, length of cut, and number of 
pieces in the lot. A complete analysis of a milling operation 
should take into consideration the relationship between these 
factors and cutting speed and feed. 
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Analysis of Initial Contact of Milling Cutter 
and Work in Relation to Tool Life 


By M. KRONENBERG,! CINCINNATI, OHIO 


Sintered-carbide tools, made of the hardest meta] man 
has ever produced, have played a predominant role in 
speeding up war production. While appreciable experi- 
ence has been acquired in connection with the turning of 
artillery shells and other implements of war, the applica- 
tion of sintered-carbide tools is often more difficult in 
milling than in turning operations because face-milling 
cutters, end mills, straddle mills, side mills, etc. are sub- 
jected to several hundred impacts per minute, which may 
destroy the tools prematurely due to their brittleness. 
Control of impact is therefore vital, a problem not en- 
countered with high-speed steel tools. 

It is the purpose of this paper to present methods for 
determining readily the impact conditions for any shape 
of the cutting edge as a function of positive and negative 
rake angles, corner angle, cutter diameter, position of the 
cutter relative to the workpiece, feed per tooth, and depth 
of cut. Furthermore, tests are discussed indicating a 
variation in the wear of sintered-carbide tools with a varia- 
tion of impact conditions obtained by altering the relative 
position of cutter and work. 


INTRODUCTION 


HILE carbide-tipped tools with negative rake angles 
have been successfully employed for a number of 


years in intermittent turning operations, this tech- 
nique is a relatively recent development in the case of milling 
operations. The reason for this may well lie in the more com- 
plex nature of initial contact of milling cutter and work compared 
with that of a turning tool and work. 

In the simple case of machining a slotted flange in a plunge- 
cut operation, the location of the initial contact can be easily 
controlled. As shown in Fig. 1, a negative back rake is the only 
requirement for shifting the initial contact from the sharp point 
“S” of the tool to a point farther back, where the tool is stronger. 

Turning a shaft with a keyway, using a longitudinal feed, 
is a more difficult case in that three tool angles affect the loca- 
tion of the initial contact when the tool is ‘‘on center,’”’ namely, 
back rake, side rake, and side-cutting-edge angle. 

In the case of milling operations, a fourth quantity, which 
is not a property of the tool itself, must be taken into considera- 
tion; it depends on the position of the milling cutter relative 
to the work. This fourth quantity, later referred to as the 
“angle of engagement,” plays a significant part in the location and 
magnitude of impact. 

Three questions present themselves for the analysis of the im- 
pact problem. They can conveniently be used for subdividing 
the subject of this paper as follows: 


1 The Cincinnati Milling Machine Company. 

Contributed by the Research Committee on Metal Cutting Data 
and Bibliography, and on Cutting Fluids, and the Production Engi- 
neering Division and presented at the Fall Meeting of the Cincinnati 
Section, Cincinnati, Ohio, Oct. 2-3, 1945, of Tur Amuprican Society 
or MECHANICAL ENGINEERS. 

Notz: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


POSITIVE BACK RAKE 


NEGATIVE BACK RAKE 


Fie. 1 Inrrrau Contract Propucep sy Positive aNnp NnGaTIve 
Back Rake, WHEN TURNING A SLOTTED FLANGE 


1 Where does the impact of tooth and work occur? That is, 
what point on the tool face hits the work first? (Location of 
impact.) 

2 How great is the impact? 

3 How is tool wear affected by location and magnitude of 
impact? 


(Magnitude of impact.) 


1—LOCATION OF IMPACT 
Monet, DemMonsTRATING LOCATION OF ConvracT 


A face-milling cutter is shown in Fig. 2 at an instant shortly 
before the tooth engages the side wall of the work, termed “plane 
of engagement.’ This plane is always assumed parallel to the 
cutter axis and extending in the direction of feed motion. It is 
evident from the close-up in the upper corner of Fig. 2 that the 
material removed by a tooth with a straight cutting edge is indi- 
cated by a parallelogram S-7-U-V. Its height depends on the 
depth of cut, while the width is determined by the feed per tooth 
represented by a dotted line on the top of the work. This paral- 
lelogram S-7-U-V develops gradually as the tooth enters the 
work, and the question arises, what spot on the contour of the 
parallelogram is generated first. This spot will obviously be 
the point of initial contact. 

It will be seen from Fig. 2 that the tooth, before contacting 
the work, passes through the removed portion of the plane of 
engagement. This happens when the cutter axis is on the 
““workside”’ of the plane of engagement, as shown in Fig. 2. 

In the analysis of initial contact, it is necessary to consider 
only the region of cutter and work indicated in the close-up, 
Fig. 2. This same region is represented in Fig. 3 as a large-scale 
model, seen in the direction of the arrow of cutter rotation, Fig. 2. 

In Fig. 3 the “tool face” is a glass plate shaped to the contour 
of a tooth, intersecting the “plane of engagement” in line L-M. 
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Fig. 2 
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DIAGRAMMATIC VIEW OF CUTTER AND WoRrK, ILLUSTRATING AN INSTANT SHORTLY BEFore INITIAL Contact 


Fie. 3 Mover or Currer anp Work ILLusrrRAtiInG InrERsECTION Lin» or TooL Face AND PLANE OF ENGAGEMENT 


The axial rake and the radial rake are both negative and the 
cutting edge is a straight line in this model. 

The direction of cutter rotation is indicated by an arrow point- 
ing into the workpiece. 

The ‘cutter axis’ is connected with the tool face by a top 
piece symbolizing the face of the cutter body. The cutter axis is 


actually more distant from the tool face than shown in the model. 
On the workpiece, dimension d,, is the depth of cut, while di- 
mension f, represents the feed per tooth. 
The chip cross-sectional area is indicated by a white parallelo- 
gram on the workpiece. The corresponding points on the tool 
face are marked S, 7, U, and V, in clockwise order. 
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The distance traveled by the tooth from the instant shown, 
to the instant of contact, is very short and it may therefore be 
assumed that the tool moves in a straight line during this very 
short interval of time, instead of traveling in a circular path. 
In other words, the tool face is assumed to advance parallel to 
itself in the direction of the white dotted lines which connect 
the points, S, 7, U, V, on the tool face with the white parallelo- 
gram. The white lines are continued on the top of the work be- 
cause the cutter movement is also considered straight for a short 
distance within the workpiece. 


Point S is the sharp point of the tool and its weakest spot. 
Initial contact there is undesirable. 

Point 7 is the top point of the active cutting edge and is lo- 
cated at a height above the machined surface equal to the depth 
of cut (d,,). 

Point U indicates a point on the tool face, at the same height 
as point 7’, but remote from the cutting edge by approximately 
the feed per tooth. 

Point V is a point on the face edge, located at a distance from 
point S approximately equal to the feed per tooth. 


It is evident from Fig. 3 that in the case of this model, point U 
on the tool face will contact the work first, because this point is 
nearest to the white parallelogram. This can be judged by 
comparing the length of the four dotted white lines connecting 
points, S, 7, U, and V with the work. Point U has the shortest 
distance. This type of contact is called ‘“‘U-contact.” 

If the tool face would be inclined at a positive axial rake, point 
V would have the shortest distance on the model and contact 
first (V contact). 

It shall now be assumed that the tool face in Fig. 3 is advancing 
parallel to itself, in the direction of the white dotted lines to- 
ward the workpiece. Point U on the tool face will then travel 
toward the upper right corner of the white parallelogram; simul- 
taneously point Z of the intersection line will likewise move 
toward the upper right corner on the workpiece. At the instant 


DIRECTION OF MOVEMENT OF INTERSECTION LINE 


WHEN 
r<€ 


WHEN 
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when point U contacts the white parallelogram at its upper right 
corner, point L of the intersection line must have arrived at that 
same point also. 

If the tool face would be inclined at a positive axial rake and 
the angle 2’ would be to the right of the vertical line in the plane 
of engagement, it would be points V and M which would arrive 
at the same instant but at the lower right corner of the white 
parallelogram. . 

Consequently, the spot on the tool face which ‘contacts the work 
first is indicated by the point of the intersection line LM, which 
first contacts the white parallelogram. 

This is an important finding, because it furnishes not only the 
basis for the derivation of mathematical formulas for contact con- 
ditions in the case of straight cutting edges but also principles for a 
graphical solution of the more involved problems connected with 
nonstraight cutting edges and with the magnitude of impact. 


MarHematicau Conpitions For Location or In1TIAL Conract 


Mathematical formulas are required for preparing diagrams 
and for other graphical methods which can directly be employed 
by production and tool engineers in their daily work. 

The following nomenclature will be used in connection with the 
derivation of formulas: 


a = axial rake 
A’ = distance of cutter axis from plane of engagement (see 
Fig. 4) 
c = corner angle of tool 
c’ = slope of transient surface produced by corner angle c 
(tan c’ = tan c/cos ) 
c, = chamfer angle of tool 
= depth of cut 
D = cutter diameter 
angle of engagement 
f, = feed per tooth 
) = index angle 


a 
o 3 
i | 


ll 


2’ = intersection angle of tool 
face and plane of engage- 
ment (tan 7’ = tanz/cos 
€) 


I = impact factor (rate of 


POINT M OF 
INTERSECTION 
LINE 


increase of chip cross- 
sectional area) sq in. 
per sec 
L, = distance traveled by in- 
dex line in direction of 
depth of cut during pene- 
TOOL FACE WITH tration time 
MENT L, = distance traveled by in- 
chaket OF EE ANGEERON dex line in the direction 
of feed during penetra- 
tion time 
r = radial rake 
T, = penetration time, i.e., 
time elapsing between 
instant of initial contact 
and instant when both 
cutting edge and face 
edge of tool have en- 
gaged the work 
T, = exit time, i.e., time elaps- 
ingbetween instantwhen 
first point of tool leaves 
work and instant when 


€= ANGLE OF ENGAGE- 
MENT 


T* RADIAL RAKE 
i'» ANGLE OF INTER- 
SECTION LINE OF 


BY CORNER ANGLE 
ON TOOL 


Fig. 4 Direction or MovEMENT oF INTERSECTION LINE 


both cutting edge and 
face edge are disengaged 
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Referring to Fig. 3, two important angles, c’ and 7’, will be seen 
in the plane of engagement. 

Angle c’ is the slope of the “transient surface’? measured in 
the plane of engagement. This angle has been produced by the 
preceding tooth and depends therefore on the shape of the 
cutting edge and on the angle of engagement, as will become 
evident later. 

Angle 2’ is an angle formed by line LM (which is the inter- 
section line of tool face and plane of engagement) and a line 
parallel to the cutter axis. Angle 2’ is called “intersection 
angle.” 

The model, Fig. 3, refers only to the case where the inter- 
section line is outwardly inclined with respect to the cutter axis 
and where the cutter axis is on the workside of the plane of 
engagement. 

For a more general consideration, reference is made to Fig. 4. 
It will be seen from the lower sketches that the intersection angle 
z’ can be positive or negative with respect to the vertical line 
parallel to the cutter axis, that is, it can be outwardly or in- 
wardly inclined. Furthermore, the radial rake, formed by the 
face edge and a radial line, is shown in Fig. 4, marked r. In 
addition, the angle formed by the plane of engagement and the ra~ 
dial line is indicated; it is the angle of engagement (e). 

For determination of the direction of movement of the inter- 
section line, it is sufficient to consider only its lower point 
which is also a point of the face edge of the tool. In the case 
of the left-hand sketch in Fig. 4, point M moves toward the left 
as the cutter continues to rotate. Hence the intersection line 
will always move ‘‘away”’ from the cutter axis, due to cutter rota- 
tion, when 7 < «. Consequently, in cases where r < e, initial 
contact can occur only at the right-hand contour of the chip 
cross-sectional area, that is, in the case of a straight cutting 
edge, either at point U, or along line U-V or at point V, depend- 
ing on the relationship of the two angles c’ and 7’. 
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Changing the setup (right-hand sketch in Fig. 4), by moving 
the workpiece into a different position with respect to the cutter 
axis, will change the relationship between the angles r and e. 

Point M of the intersection line is now located on the other 
side and will move “toward” the cutter axis, as the cutter con- 
tinues to rotate. Consequently, in cases where r > e, initial con- 
tact can occur only at the left-hand contour of the chip cross- 
sectional area, that is, in the case of a straight cutting edge, 
either at point S, or 7’, or along line ST. 

The following mathematical relationships for initial contact 
of straight cutting edges can therefore be derived from inspec- 
tion of Fig. 4 


S = contact occurs when r > € andi’ >c’........ {la] 
S-T (line) = contact occurs when r > « andi’ =c’........ [10] 
T = contact occurs when r > ce and2’<c’........ {1c} 
U = contact occurs when 7 < e andi’ >c’........ {1d] 
U-V (line) = contact occurs when r < ¢ and?’ =c’........ {le] 
V = contact occurs when r < ¢ and i’ < c’........ {1f] 


There are three more types of initial contact possible in the 
case of straight cutting edges, namely, when r = «. In these 
special cases, the intersection line and therefore point M is at 
infinity because the face edge enters the work parallel to the 
plane of engagement. The mathematical conditions for these 
cases will be discussed later. 

In order to express the contact conditions as functions of axial 
rake, radial rake, angle of engagement, it is now necessary to 
find the relationship between these three angles and the inter- 
section angle 2’. 

Referring to Fig. 5: Dropping a perpendicular line from point 
L of the intersection line L-M, produces a vertical triangle L-N-M 


AN |" Tat 


Fie.5 Moper or Cutrer anv Work ILLUSTRATING RELATIONSHIP BETWEEN AXIAL Rake, RapraLt Rak, ANGLE OF ENGAGEMENT, 
AND INTERSECTION ANGLE 


KRONENBERG—ANALYSIS OF INITIAL CONTACT OF MILLING CUTTER AND WORK 


TABLE 1 MATHEMATICAL CONDITIONS FOR THE NINE TYPES 
OF INITIAL CONTACT FOR STRAIGHT CUTTING EDGES 


ie es OF 


CONTACT 


Relationship: | Relationship: 
radia/ rake(r)| corner ang/ 
dangle of en- 
gagement (€) |aagle (/) 


RelationsA/p 
corner angle €) axial rake(a) 
radial rake (r) and 

angle of engagement (€) 


tana 
tanc< Zan r—taneé 


tana 


fe [koe Se 
tanr -tane 


tana 


tan e¢< ——————_ 
ftanr —Tane 


tand 


tanc=> 
tanr-tane 


tana 


tan C= Tan r —tane 


tana 


tanc= = tan r-tane 


a-t 

gee 

" NO LINE Pasi 
INTERSECTION 


in the plane of engagement. 


This triangle Z-N-M contains 


angle i’. The base line N-M equals 


d,, * tan v’ 


The axial rake is measured, according to definition, in a plane 
located in the direction of cutter rotation, that is, in a plane per- 
pendicular to the radial line. Such a plane is represented in 
Fig. 5 by the white vertical triangle L-N-P, containing the axial 
rake (—a) which is shown negative. The base line N-P equals 


d,, * ( 


The two base lines N-M and N-P, together with portion P-M 
of the face edge, form the horizontal, white triangle P-N-M, 
with the angles j 


tan a) 


(90 + 7) 


and 


Ca) 


Applying the sine law to the horizontal triangle results in the 
formula 


: tan a+ cosr 
Rain fl SS SS 
sin (r — ) 
Equation [2], however, is inconvenient for use in a diagram, be- 
cause the radial rake r appears twice. 

A simplification can be obtained by multiplying both sides 
by cose. This transformation gives 


‘ j tan a 3 
tol At, 2 eae Seared Winky CP er orser peri ARC 
tanr—tane | - [3] 


It will be noticed that Equation [3] refers to an angle z instead 
ot angle 7’. This is due to_the multiplication of Equation [2] 
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by cos «. Equation [3] represents therefore a different angle, 
called ‘index angle”’ (7). 

The relationship between the intersection angle (¢’) and the 
index angle (7) follows from 


CAN ger MUANT COB Ener. 0h wi ateldewtstuil totins {4] 


Index angle 7 is a projection of intersection angle 7’, on a verti- 
cal plane which can be erected in the radial line. This plane, 
called reference plane, forms the angle e with the plane of en- 
gagement, but is not shown in the model. 

In order to maintain the mathematical relationship between 
slope angle c’ and intersection angle 7’ when determining the 
location of initial contact (see formulas [la] to [lf], inclusive), 
it is necessary to multiply the slope angle c’ also by cos « as was 
done with angle 7’. The slope angle c’ is thus substituted by the 
corner angle c (or bevel angle) as ground to the tool itself, which 
is measured in the reference plane. The corner angle c is mathe- 
matically a projection of the slope angle c’ on the reference plane. 
The relationship between slope angle c’ and corner angle cis given 
by 


LAD On—=I GAMO ass CONE. a nic, sauetee astro tas [5] 


The multiplication of Equation [2] by cos e does not only sim- 
plify the formula, but allows using the corner angle ¢ of the tool 
instead of the slope angle c’ on the work. 

The following general equation is obtained for initial contact in 
the case of straight cutting edges by substituting Equations [3] 
and [5] into formulas [la] to |1f] 


> 
tan a 
St icecensevaccse [6] 


tanec = 3 
< tan r — tan « 


The individual formulas for the nine possible contacts in case of 


straight cutting edges are summarized in Table 1. The last three 

cases, where r = e¢, follow if Equatien [6] is solved for tan a 
> 

tan @ zB tan c (tan r — tame)............ [6a] 


The right side becomes zero if r = e, indicating that these three 
contact conditions are determined by the fact as to whether the 
axial rake ‘‘a’’ is positive, zero, or negative. 


CurrerR-ENGAGEMENT DIAGRAM 


For practical use in engineering offices a “cutter-engagement 
diagram,” Fig. 6, has been prepared, based on the foregoing 
mathematical analysis. It refers primarily to cases where the 
cutting edge is a straight line and where only a determination 
of the location of initial contact is desired. 

A more general method is described later on in this paper which 
includes the determination of the progress of engagement and of 
the magnitude of impact, in addition to the location of impact. 

Four fields will be seen in Fig..6, marked in counterclockwise 
order; S-contact, T-contact, U-contact, and V-contact. Three 
smaller rectangles flanked by these four fields refer to three 
types of line contacts as indicated on the diagram. The two 
remaining types of contact, S-7 line-contact and U-V line-contact 
are determined by the border lines between the S-field and T- 
field, and the U-field and V-field, respectively. 

The type of contact can easily be determined by tracing along 
horizontal and vertical straight lines. This is indicated by a 
dot and dash line marked ‘“‘example.”’ 

The example refers to a case where, at a distance of 2 in., a 
cutter with a diameter of 12 in. is located on the workside, which 
is the usual condition with face mills, end mills, ete. The radial 
rake and the axial rake are assumed 10 deg negative. Following 
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the dot-and-dash line leads to the U-field. Hence U-contact will 
ensue from this combination of rake angles, corner angle, cutter 
distance A’, and cutter diameter. 

The angle of engagement can be read at the top of the cutter- 
engagement diagram (e = 20 deg); it is however, not necessary 
to read this angle when using the diagram. 


GrapHicaL SOLUTION oF ConTAcT PROBLEMS FOR ANY SHAPE OF 
Curtine EpGE5 


Complex formulas for the contact conditions result if the cut- 
ting edge is chamfered or rounded. However, a graphical method 
which gives, also, a mental picture of the engagement of cutter 
and work has been developed for solving such cases on the draw- 
ing board. The graphical method covers a broad field in that it 
includes the progress of engagement and disengagement, and 
also the magnitude of impact in addition to solving problems of 
initial contact for any shape of the cutting edge. Exit conditions 
existing when the cutter leaves the work can likewise be solved 
with the graphical method. 

It has already been stated, in connection with Fig. 3, that the 
spot on the tool which contacts the work first is indicated by the 
point where the intersection line first contacts the white paral- 
lelogram. 

Thus in order to determine graphically the location of initial 
contact, it is only necessary to draw the chip cross-sectional area 
(white parallelogram) to scale and to move a line at angle 2’ 
toward.it. Where this line touches the chip cross-sectional area 
first, initial contact occurs. 

It is, however, more convenient to move a line at angle 7 
(index line) instead of the intersection line at angle 7’, because 
the corner angle ¢ can then be used when drawing the chip cross- 
sectional area instead of the slope angle c’. 

Furthermore, referring to Equation [3], it will be seen that the 
index angle i is independent of the corner angle c and therefore 
independent of the contour of the cutting edge. 

Hence initial contact can be determined graphically by moving a 
straight line at index angle % toward a chip cross-sectional area of 
any shape, not only a parallelogram. 

The index angle 7, which is the compound angle of axial rake, 
radial rake, and angle of engagement, can either be calculated 
from Equation [3] or be determined without use of mathematics 
by means of the “index-angle diagram,” Fig. 7. The left-hand 
portion of this diagram is identical with the left-hand portion of 
the “cutter-engagement diagram,” Fig. 6, while the right-hand 
part of Fig. 7 is different, having curves for the axial rake, in- 
stead of the contact fields. The example in Fig. 7 corresponds 
to that on the cutter-engagement diagram. Tracing along the 
dash-dotted example line, however, leads, in Fig. 7, to an index 
angle of +18 deg and to the instruction that the index line must 
be placed at A, meaning that it moves away from the cutter axis 
(because r < «). Compare arrow “A” in Fig. 4. 

The graphical solution (sce Fig. 8) includes the following: 


1 Construct a figure proportional to the initial chip cross 
section, indicated by the cross-hatched area, where d,, is propor- 
tional to the depth of cut, distances TU, SV, S.Vo proportional 
to the feed per tooth - cos e and where c = corner angle, ¢, = 
chamfer angle. 


2 Draw index line at index angle 7 at A (or B) of cross-hatched 
area, as determined from diagram. [A is indicated if r < «, 
and B if r > «.] 


3 Move index line toward cross-hatched area. (Ifr = « the 
index line is moved vertically; upward when the axial rake is 
positive, or downward when the axial rake is negative. No index 
line exists for face contact, i.e., when r = ¢ and the axial rake is 
zero.) 
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Currpr AND Work, AND ALSO THE PRoGRESS OF THEIR ENGAGEMENT 
ror ANY SHAPE OF THE CuTTING EpGE 


4 Initial contact of cutter and work is indicated by the point or 
line where the moving index line touches the contour of the cross- 
hatched area first. 

In the given example when moving an index line z-x at +18 
deg the initial contact occurs at point V4. 

5 Progress of engagement: The graphical method, however, 
permits not only determination of initial contact, but also the 
progress of engagement. Continuing the movement of the index 
line, z-a it, will be seen that 


2nd point to engage is S, 
3rd point to engage is U 
4th point to engage is T’ 
5th point to engage is S, 


A closer inspection, by slowly moving the index line across 
the cross-hatched area, reveals even more details about the prog- 
ress of engagement, for example, the fact that the engagement 
of point U follows very closely the engagement of point Sa. 
It will also be seen that a chip develops at first by deforming a 
triangle with the base V,S,, while later on a second chip develops 
from point U. Both chips unite at the instant when the vertex 
of the obtuse angle (i.e., the point opposite S,) engages. 

If the cutting edge is straight, the chip cross-sectional area is 
represented by parallelogram S-T-U-V in Fig. 8. Initial con- 
tact occurs in the case of i = +18 deg at point U instead of at 
YV, as was the case in the foregoing example for a chamfered cut- 
ting edge. 

In the case of this example, chamfering of the cutting edge 
changes the initial contact from U to Vz. Chamfering, how- 
ever, does not always have this effect. If the conditions for 
radial rake, axial rake, and angle of engagement are such as to 
give a negative angle 7, initial contact of a tool having a straight 
cutting edge would occur at V, not at U, and the change due to 
chamfering would then be only a shifting of the initial contact 
from V to Vg. 

Exit conditions when the cutter leaves the work can likewise 
be determined by the graphical method. Only one modifica- 
tion is necessary. Instead of using the distance of the cutter 
axis from the plane of engagement, the distance of the cutter axis 
from the exit plane must be used, when determining the index 
angle 7 in diagram Fig. 7. The terms ‘cutter axis on approach 
side’ and “cutter axis on workside” are then to be used with 
reference to the exit plane. 


2 MAGNITUDE OF IMPACT 


The second problem, namely, the question, “How great is the 
impact?” is important because it may well be that the magnitude 
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of impact is a vital factor in cutter life. The magnitude of im- 
pact can be determined by further expanding the graphical 
method, used previously for determining the location and prog- 
ress of engagement. 

From the graphical method, Fig. 8, it will be realized that a 
chip does not exist at the instant of contact; that is, at the in- 
stant when the index line touches the contour of the cross- 
hatched area. However, as the index line travels across the 
cross-hatched area, the chip develops gradually, reaching its 
full size when the index line has moved all the way across the 
cross-hatched area. At that instant, all points of the tool 
face that take part in the metal removal have engaged the work. 

For instance, in the example where 2 = +18 deg, no chip exists 
when the index line touches point V,, but the full chip has been 
generated when the index line has arrived at point S, of the cross- 
hatched area. 

Conclusion: During the period of time in which the index line 
travels across the chip cross-sectional area, the chip has developed 
from zero to full size. This time interval is called ‘penetration 
time.” 

The shorter the penetration time, i.e., the faster the chip de- 
velops, the larger the impact. 

The rate of increase of chip cross-sectional area can therefore 
be used as an “impact factor.” 


Chip cross-sectional area 


Impact factor = 
2 Penetration time 


In order to find the impact factor, it is necessary to determine 
only the penetration time and to divide it into the chip cross- 
sectional area. The impact factor has the dimension of square 
inch per sec. 

Since “‘time’’ is the ratio of “distance traveled” to “velocity,” 
it is possible to determine the penetration time 7, by dividing 
the distance LZ,, which the index line has traveled across the 
cross-hatched area, by the velocity of this travel ty. 
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As shown in Fig. 8, distance L, can be measured directly from 
the graph between the contact position and end position of the 
index line when the graph is drawn to scale. 

It remains to find the velocity of travel of the index line. 

The velocity of travel v can be determined from the model 
shown in Fig. 9. In the horizontal triangle N-P-M, dimension 
P-N lies in the direction of cutter rotation and can therefore be 
taken as the “cutting speed vector.’ Dimension M-WN lies in 
the direction of travel of the intersection line Z-M, and repre- 
sents therefore the ‘velocity vector’ of the intersection line. 

From the geometry of the horizontal triangle N-P-M 


The same conversion as before is necessary in order to find the 
velocity of the index line instead of the intersection line. The 
result is 


—v, 


tan r — tan e 


ty 


It will be seen that the travel velocity v, of the index line is a 
function of the cutting speed v,, the radial rake, and the‘angle of 
engagement. 

The minus sign in Equations [8] and [9] indicates the direc- 
tion of travel, i.e., x is counted positive when the index line 
moves away from the cutter axis. : 

The penetration time in seconds is therefore 


Sly m 5 L, (tan r — tan e) 
Ys Ve 


where the factor 5 is due to conversion from feet per minute to 
inches per second, 


Fie. 9 


Mops. or CuTrer AnD Work ILLusTRATING RELATIONSHIP BETWEEN CuTrTING SPEED AND TRAVEL VELOCITY 


oF INTERSECTION LINE 
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When dimension L, is very 
large, it is more convenient to 
use dimension Lg, Fig. 10, and 
the velocity (vg) of the apparent 
travel in this direction. 

Since this velocity, v, is per- 
pendicular to velocity ;, their 
relationship is expressed by 


ee yy (tan r — tan e) 


vg = ; 
tan 7 tan a 


Upon substitution of Equation 
[9], the following formula re- 
sults for the penetration time 


When comparing the magni- 
tude of impact for various tool- 
angle combinations, it is often 
not necessary to determine pene- 
tration time and impact factor 
from Equations [10], [12],and [7], 
but it is sufficient to compare 
only the dimensions L, (or L,), 


FORMULA WHEN USING DIMENSION 


| 
Ly Lg 
T. = 5 Ls (TANT-TANE)) + 5 Ly TAN A 
Pie Ve | Ne 


PENETRATION TIME IN SECONDS 


100 
1000 


SEC. 


Teas 


obtained graphically as the travel distance of the index line across 
the chip cross-sectional area from contact position to end position. 


The following rules apply: 


(a) The longer distance Z,, the less the impact, provided 
that the axial rake is the only variable involved in a comparison of 


impact. 


(b) The longer distance Lz, the less the impact, provided 
that the radial rake or the angle of engagement is the variable 


involved in the comparison. 


lolol 
SoesY 


Axial and radial rake, deg 
Masdipertecoth. insu. vee ee ne 
Depth of cut, in 
Cutting speed, fpm 


Sav 


Serup or Currer AND Work Used 1n Toot-WEAR TESTS 


Magnitude 
of impact 
Angle of Location (impact factor) 
engagement, Co} sq in, per sec 
d impact 
Vv 3.4 
U 12.3 
Vv 19.5 
U 24.5 
UV 44.5 


(c) The longer either distance L, or L,, the less the impact, 
provided that the corner angle c is the only variable involved 
in the comparison of impact. 


The two examples shown in Fig. 10 indicate that the impact 
will be smaller in the lower case, because L, is here longer than 
in the upper case. The L, comparison is used because the radial 
rake is the variable in the examples. The ratio of impact is 
inversely proportional to the distance Lg, i.e., the impact is 46 
per cent greater in the upper case than in the lower one. 
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3 HOW IS TOOL WEAR AFFECTED BY IMPACT? 


Tool-life tests have been carried out in order to determine the 
relationship between impact and tool wear. 

A single-tooth cutter was employed for each run, changing the 
tooth after 13,300 impacts. Tests were also made with 20,000 
impacts, and 26,600 impacts. 

The location and magnitude of impact were varied by changing 
the distance of the cutter axis from the plane of engagement, 
that is, by changing the angle of engagement (e). It was neces- 
sary only to adjust the knee of a horizontal milling machine up or 
down for each setup. Five different setups were tested as indi- 
cated in Fig. 11. 

It will be noticed that the variation in the angle of engagement 
(e) was small; this was done in order to keep the initial chip 
thickness and the exit conditions of the cutter as constant as 
possible. 

The width of the workpiece was only */, in. in order to reduce 
tool wear due to cutting, in comparison with the wear due to im- 
pact. 

The average depth of the crater on the tool face, measured 
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after the same number of impacts, was taken as the basis for com- 
parison of tool wear. The results are indicated in Figs. 12 to 16, 
inclusive. 

Fig. 12 shows the results of the wear test for setup A where the 
distance from cutter axis to plane of engagement was 2 in., 
corresponding to an angle of engagement of 30 deg. 

The wear was measured at ten points in each of the three planes 
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marked X-X, Y-Y, and Z-Z, perpendicular to the cutting edge. 
The wear at each point was measured repeatedly. 

It will be seen that the wear in the X-X plane was the greatest, 
with a maximum at tracer travel point 10 (that is, on the cutting 
edge). Tracer point 0 indicates the surface on the tool face not 
touched by the chip. 

The dash-dotted line indicates the average of the wear in the 
three planes X-X, Y-Y, and Z-Z. 

Setup A is the case where the impact factor is the smallest of 
the five setups tested. 

Fig. 13 refers to the wear in the case of the largest impact 
factor (setup E), again measured in three planes perpendicular 
to the eutting edge. The distance of the cutter axis from the 
plane of engagement was 1/, in., the angle e was 71/2 deg. 

The averaged value of the three curves is again indicated by a 
curve marked “average.” . 

Setup E and setup A are compared in Fig. 14, where the aver- 
age curves of these two setups only are plotted. It will be seen 
that the wear in the case of the larger impact (setup E) was al- 
ways greater than the wear of the smallest impact (setup A). 
Totaling the wear indicated by each one of the average curves 
results in a figure called “total average.” This figure represents 
the over-all wear for each setup and is the result of about 200 
values. 

In the case of setup A, the total average was 168 microinches 
but as much as 280 microinches in the case of setup E. This 
appreciable difference of nearly 70 per cent is caused by the 
slight difference in the relative position of cutter axis to work- 
piece, and its resultant change in location and magnitude of im- 
pact. 
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Diagram, Fig. 15, has been prepared in order to compare the 
wear for all five setups. Wear valuesin the X-X plane have been 
selected as an example, but the same trend holds also for the other 
planes. 

It will be seen that the wear curves follow each other in ap- 
proximately the same order as the impact factors. 

Reading from the bottom up, the smallest wear (curve A) oc- 
curred in the case of the smallest impact; the second curve (curve 
B), referring to a larger impact factor, indicates also greater 
wear, and the greatest wear is found in the case of the largest 
impact factor. 

Only curves C and D are reversed, because D has a smaller 
wear but a higher impact factor than curve C. 

An explanation for this reversal is offered in Fig. 16 which is a 
summary of the wear tests. The impact factor is plotted loga- 
rithmically on the z-axis; the depth of the face wear on the y- 
axis, which is arithmetical. 

Each of the five points is the result of approximately 200 values 
and represents the total average of the wear for the respective 
setup, indicated diagrammatically at the top. A definite trend is 
indicated by the curve, namely, the finding that tool-face wear 
increases with increasing impact factor, that is, with the rate 
of increase of chip cross-sectional area. It will furthermore be 
noticed that the points indicating the wear in case of U-contact 
are below the trend curve, while those for V-contact are above the 
curve. 

It may well be the case that, within limits, a large impact ap- 
plied at point U causes less wear than a small impact at point V. 
This may explain the reversal of the C and D curves in Fig. 15 
where the D curve represents the case of a large impact applied 
at a favorable point of the tool (U-contact), while the C curve 
refers to a small impact applied at the less favorable point V. This 
would also indicate that equal impacts will cause less wear when 
applied at U than at V. 

In so far as our tests indicate up to now, it is concluded that a 
small impact at point U is the most desirable condition, but a large 
impact at this same point (U) is worse than a small impact at V. 

lt appears that both the location and the magnitude of im- 


pact should be taken into consideration for determining favor- 
able tool-life conditions. Their combined effect is a major fac- 
tor in tool wear. 

There are naturally other factors affecting tool wear; if these 
other factors cannot be kept constant when varying the location 
and magnitude of impact, they may change the trend indicated 
by the curve. The curve may run more horizontally or rise more 
rapidly. This will be the subject of further research. 


CONCLUSIONS 


With the aid of the graphical method, the following conclu- 
sions can readily be drawn from exploring contact conditions of 
various combinations of axial rake, radial rake, cutter diameter, 
distance of cutter from work, and for various shapes of the cut- 
ting edge: 


1 For face mills and end mills, usually located on the work- 
side of the plane of engagement: 

(a) The most frequent type is V-contact, that is, at a point 
on the face edge, remote from the sharp point of the tool by a 
distance approximately equal to the feed per tooth. 

(b) U-contact can occur only when the axial rake is negative; 
the radial rake, however, may be either positive or negative, 
but must be smaller than the angle of engagement. This latter 
condition (r < ¢) is usually satisfied with face mills and end mills, 
except when the cutter axis is nearer to the plane of engagement 
than about 20 per cent of the cutter diameter. 

(c) The larger the corner angle, the less likely is U-contact. 

(d) Chamfering of a cutting edge renders it more difficult to 
obtain U-contact. 

(e) Changing the corner angle c does not always affect initial 
contact. There is no effect if the axial rake is positive. There 
may be, however, an effect if the axial rake is negative. (If c 
is small, initial contact will be at U, if ¢ is large, initial contact 
will be at V.) 


2 For arbor-mounted cutters, such as straddle mills, side 
mills (and occasionally also for face mills, when only a portion 
of the width of the workpiece is machined) : 
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(a) The most frequent type is 7-contact, that is, contact at. 


the top point of the cutting edge. 

(b) The undesirable type of S-contact, at the weakest spot 
of the tool, can be eliminated by grinding a negative axial rake 
to the tooth. : 

(c) A negative radial rake alone does not necessarily elimi- 
nate the undesirable type of S-contact. 

(d) Chamfering of a straight cutting edge having T-contact 
will not change this type of contact and is therefore ineffective 
as far as contact conditions are concerned. 

(e) Chamfering of a straight cutting edge, however, having 
S-contact, will eliminate such contact by shifting the location of 
the contact point either to S, (along the face edge) or to S, (out 
of the plane of the machined surface), depending on the size of 
the chamfer angle. 

(f) Changing the corner angle affects contact conditions of 
arbor-mounted cutters differently from those of face mills and 
end mills. In the ease of arbor-mounted cutters, a change in the 
corner angle does not affect initial contact, when the axial rake is 
negative. However, if the axial rake is positive, it may be either 
T-contact or S-contact, depending on the relationship of index 
angle and corner angle. 

8 For alltypes of milling cutters: Tool angles on milling cutters 
such as face mills, end mills, straddle mills, side mills alone do not 
determine any type of initial contact. It is always necessary to 
consider also the angle of engagement. 

An existing cutter with given rake and corner angles may have 
different types of initial contact, depending on the position of the 
workpiece relative to the cutter axis, and on the cutter diameter. 
Tool life may therefore vary with the setup of cutter and work. 


4 Exit conditions: 


(a) The point of initial contact is not necessarily identical 
with the point that leaves the work first. 
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(b) The wider the workpiece, the less likely is the identity 
of the point of initial contact with the point that leaves the work 
first. 

(c) Most frequently, the top point 7 of the cutting edge 
emerges first (T-exit). ; 

(d)’ When the top point of the cutting edge contacts the work 
first (T-contact) it also leaves first (T-exit). 

(e) In the case of a positive axial rake: V-contact may be 
followed by either S-exit or 7-exit; S-contact may be follewed by 
T-exit, depending on the width of the work and the combina- 
tion of the other tool angles. 

(f) In the case of a negative axial rake: V-contact may be 
followed by either U-exit or T-exit; U-contact may be followed 
by T-exit, depending on the width of the work and the com- 
bination of the other tool angles. 


5 Tool wear: 

(a) The combined effect of location and magnitude of impact 
is a major factor in the wear of sintered-carbide tools. 

(b) A small impact at U seems to be the most desirable con- 
dition, but a large impact at this point is worse than a small im- 
pact at V. 

(c) The most desirable condition can be obtained by careful 
co-ordination of axial rake, radial rake, corner angle, chamfer 
angle, and angle of engagement. 
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Resistance of Nickel-Containing Alloys 


to Corrosives Encountered in the 


Petroleum Refineries 


By B. B. MORTON,! NEW YORK, N. Y. 


Production of bulk gasoline in a modern petroleum re- 
finery is accompanied by corrosion during topping and 
cracking from sulphur and from weak hydrochloric acid 
which is formed from salts in the crude. Organic acids 
such as naphthenics are also often present and are quite 
corrosive. Solutions of refinery corrosion problems are 
considered in this paper. 


ducing war essentials, such as high-octane gasoline, rubber, 
etc., has become a most complex organization. 

Fig. 1, which is a rather simplified flow sheet of the processes 
employed in making 100-octane gasoline, hints at the complexi- 
ties involved. A view of the towers, tanks, lines, and equipment 
involved would be more impressive but possibly less instructive. 

As a homely comparison a refinery may be likened to a kitchen 
in which many cooks are turning out a large volume of good soup 


lg NHE modern petroleum refinery under the stress of pro- 


1 Development Engineer, Development and Research Division, 
The International Nickel Company, Inc. Mem. A.S.M.E. 

Contributed by the Petroleum Committee of the Process Indus- 
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N. Y., Nov. 26-29, 1945, of Tae AMERICAN SOCIETY OF MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


(standard gasoline). Other cooks, specialists, are busy making a 
sauce to be added in small parts to the soup to make it superla~ 
tively good. This sauce is the additives, made by polymeriza- 
tion, alkylation, hydrogenation, ete. These additives bring up 
the octane number of the bulk gasoline produced. The final step 
is the addition of lead compound, the supersauce. 

The production of the bulk gasoline is accompanied by corro- 
sion, during topping and cracking, from sulphur and from weak 
hydrochloric acid which is formed from salts in the crude. Or- 
ganic acids, as naphthenics, also are often present and are quite 
corrosive. These acids are apparently becoming more of a corro- 
sive factor during distillation as a result of the crudes used at the 
present time. 

The corrosion problems associated with the formation of the 
additives are much more pronounced and are more varied than 
those associated with topping and cracking. This can be under- 
stood by considering some of the reagents involved in the manu- 
facture of the additives: 

Acids: Hydrochloric, sulphuric, hydrofluoric, phosphoric, etc. 

Bases: Sodium hydroxide, potassium hydroxide, ammonia, etc. 

Salts: Aluminum chloride, boron chloride, etc. 


CorRoOSION IN REFINERIES 


The author has found it convenient to consider refinery corro- 
sion as possessing two different identities, the dividing line being 
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the temperature level at which water is no longer present; an 
arbitrary figure of 500 F has been taken. Above this tempera- 
ture “dry” corrosion is considered to take place due to the action 
of sulphur and also some organic acids; below this temperature 
“wet” or electrolytic corrosion is assumed to take place. 

The nature of electrolytic corrosion has been described in de- 
tail in the literature. It is pointed out that a metal tends to go 
into solution at an anode while hydrogen or another metal plates 
out at the cathode. It is generally recognized that the areas of 
the electrodes, the presence of depolarizing agents, and also the 
relation of the electrodes in a galvanic series, all affect the rates of 
corrosion. The gradual changes in composition of the film at the 
face of the electrodes can greatly affect the rate, direction, and 
nature of the corrosion. ; 

It has been widely pointed out, though not well heeded, that 
the current passing is the important factor in corrosion by elec- 
trolysis rather than the potential between electrodes. 

The electrolytic conception of corrosion has provided a working 
insight into much corrosion. It has also furnished an ingenious 
but often erroneous explanation of some corrosion. It has 
awakened a dread of the presence of dissimilar metals, sometimes 
unwarranted. 

A galvanic series of some metals in salt water js provided in 
Table 1 (1).2 This series will prove of interest in combating re- 


TABLE 1 GALVANIC SERIES OF METALS AND ALLOYS 


Corroded End (anodic, or least noble) 


Magnesium 
Magnesium alloys 


Zinc 
Galvanized steel or galvanized wrought iron 


Aluminum 52SH 
Aluminum 4S 
Aluminum 38 
Aluminum 2S 
Aluminum 538-T 
Alclad 


Cadmium 


Aluminum A178-T 
Aluminum 178-T 
Aluminum 24S-T 


Mild steel 
Wrought iron 
Cast iron 


Ni-Resist® 
13% chromium stainless steel type 410 (active) 
50-50 lead-tin solder 


18-8 stainless steel type 304 (active) 
18-8-3 stainless steel type 316 (active) 


Lead 

Tin 

Muntz metal 
Manganese bronze 
Naval brass 


Nickel (active) 
Inconel (active) 


Yellow brass 
Admiralty brass 
Aluminum bronze 
Red brass 

Copper 

Silicon bronze 
Ambrac 

70-30 copper nickel 
Comp. G-bronze 
Comp. M-bronze 


Nickel (passive) 
Inconel (passive) 


Monel 


18-8 stainless steel type 304 (passive) 
18-8-3 stainless steel type 316 (passive) 


Protected End (cathodic, or most noble) 
° Reg. U.S. Pat. Off. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Fie. 2 Srupy or Nicke1L-PLatep STEEL SuckER Rop From Corro- 
stvE WELL; OxyGEN ABSENT; X8 


(Note absence of undercutting where plate has worn through in contact with 
the tubing.) 


finery corrosion‘ in condensers, run-down lines, separators, etc. It 
has been found that galvanic corrosion is greatly suppressed in the 
absence of oxygen, and this should be considered in evaluating 
galvanic corrosion in refineries. As light on this subject, Fig. 2 
is provided. It will be noted that the nickel plate on the steel 
sucker rod has failed to produce as serious undercutting as might 
be expected from the coupling of these two metals. The rod was 
exposed to the corrosive brine of an Arkansas well. The metal 
removed is the result of contact with the tubing. The absence of 
oxygen is assumed to account for the absence of marked galvanic 
corrosion. 

That highly vigorous attack can be produced under conditions 
favorable to galvanic attack is shown in Table 2. The data of 


TABLE 2 PRELIMINARY STUDY OF A CARBONACEOUS ELEC- 
TRODE COUPLED WITH SOME ALLOYS 


{Carbonaceous electrode............+..--0+- 1.07 dm? 

Areas \i@oupledimetals nse ien eae eee meres 0.25 dm? 
Blectrolyte: © jikk cedace sce hace tebe meet. 65 per cent sulphuric acid 
Temperature, “sc cwgcskiesiovior tice mye 193 C (379 F) 

Aeration’ 10 0 Scniieck he eeere ante eres None 
—Corrosion rates of alloys— 
Couple Time, hr .d.d In. per year 
Carbon and Hastelloy B@........ 4 59626 9.0+ 
Carbon and Hastelloy D@........ 16 . 1266 0.23 
Carbon and Monelb............. 4 40413 6.5+ 


2 Normally quite resistant to these conditions. 
+ Normally fairly resistant to these conditions. 


this table were derived by coupling metals with a carbon-contain- 
ing material which is used to line vessels against acid attack or 
to form packing or equipment in vessels. The necessity of insu- 
lating to prevent forming a couple of metal with this carbon- 
containing material can be readily seen. The difficulties of 
insulating effectively will be great in many cases. 

It must not be assumed that galvanic corrosion is an unmiti- 
gated evil. This form of corrosion can be usefully employed and 
is widely used though often without recognition of the fact. 
Galvanizing is a nice example of the use of galvanic effects, The 
iron is protected by the sacrifice of zinc. In general, to use gal- 
vanic protection a metal “ess noble” than the one to be protected 
must be coupled with the metal whose life it is desired to prolong. 
No parsimoniousness can be tolerated in the use of the less noble 
metal. It must be considered definitely expendable and must be 
present in suitable mass and area to invite and to sustain attack 
over the desired period. 

The destruction of the less noble metal need not.be complete. 
Some Monel (2/; nickel, !/; copper) bolts from a condenser, Fig. 3, 
provide a good example of protection without destruction of the 
less noble metal. The cast iron in contact with the bolts built 
up a graphitic layer which protected itself while offering protec- 
tion to the Monel. The vast area of the cast-iron pipes also 
tended to offset the attack directed to the pipe by the bolts. The 
use of greater area of the less noble metal is a common means of 


3 It must be recognized that in a different medium the placement of 
the metals might differ slightly. 
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utilizing galvanic corrosion to protect a part, as a weld or a rivet 
head, without unduly injuring the less noble material. 


GENERAL SOLUTION TO REFINERY CORROSION 


A general solution to the two distinct types of corrosion oc- 
curring in a petroleum refinery appears as follows: 

(a) Elevated Temperature (Above 500 F). Chromium is the 
metallic element most useful to resist the action of sulphur. The 
necessary concentration of chromium in the metal appears to 
depend upon the temperatures used and the concentration of the 
sulphur compounds; also the nature of these compounds. 
Metals showing resistance to sulphur which are in wide use are 
listed in descending order as follows: 18 per cent chromium, 8 
per cent nickel; 11 to 14 per cent chrome steels; 4 to 6 per 
cent chrome steels. 

The variety of mechanical properties of these alloys as well as 
their corrosion resistance dictate the particular choice. 

Where naphthenic acids are a source of corrosion at tempera- 
tures above 500 F, the following alloys are employed: 

Inconel! (approximately 80 per cent Ni, 13 per cent Cr) 


Type 316 (approximately 18 per cent Cr, 14 per cent Ni, 2-3 per cent 
Moly) 


In some investigations reported, (2) it has been pointed out that 
18-8 is more vigorously attacked by naphthenic acid under con- 
ditions of elevated temperature than is carbon steel. Both metals 
were vigorously attacked. Alloy 18-14-3, however, appears quite 
resistant. Inconel appears to be highly resistant, possibly since 
nickel itself is, and the 18 per cent chromium present gives pro- 
tection against sulphur attack which might take place on nickel 
above 500 F, 

Type 316 stainless steel 18-14-3 is finding increasingly wider 
uses in refineries as they turn toward the manufacture of chemi- 
cals from petroleum products. Its resistance to many organic 
acids is outstanding. It is considered less subject to ‘weld de- 
cay” than is regular 18-8. 

The practical application of material to resist corrosion at ele- 


4 Registered trade-mark name; The International Nickel Com- 
pany, Inc. 


vated temperature consists in using tubing of 4-6 per cent chrome 
or of 18 per cent chromium, 8 per cent nickel alloy, ling equip- 
ment with 18-8 or 11 to 15 per cent chromium stainless. Where 
strip or other welding is used, 18-8, or better, 25 per cent chrome, 
20 per cent nickel rod is used. ’ 

In some equipment as in certain bubble towers, a wide tempera- 
ture gradient exists along the axis, say, from 700 to 370 F. In 
this case a stainless steel is indicated for the temperature region 
above 500 F, and Monel for the cooler top region Fig. 4. Some 
very large towers have 18-8 lining, trays, and caps in the high- 
temperature region and Monel lining, caps, and trays in'the top. 

Some exchangers exposed to attack from naphthenic acid at 
temperatures of 700 to 850 F are tubed and equipped with Inconel 
(approximately 80 per cent nickel 13 per cent chrome). 

(b) Low-Temperature Corrosion (Below 500 F). » Corrosion oc- 
curring within the temperature region below 500 F is considered 
to be electrolytic in character. It is assumed that liquid water is 
present to form an electrolyte. The solution to the corrosion of 
this type is more difficult than in the case of corrosion at elevated 
temperature, owing to the complex nature of the attacking agents. 
No single element is effective against corrosion at low tempera- 
ture as is chromium at elevated temperature against sulphur. 

The most satisfactory means for studying corrosion of any type 
appears to be to install specimens of metals under operating con- 
ditions and to observe results. This is particularly true for elec- 
trolytic corrosion. Insulating between samples is necessary for 
this temperature region where water can exist, and this compli- 
cates testing. The test spool, Fig. 5 (3), has been developed and 
improved over a period of years by the author’s company. 
Thousands of specimens have been exposed in various industries, 
and an impressive mass of data have been aecumulated. 

From a study of the data it appears that no general rule can 
be applied to the selection of a material for use in a refinery in 
order to combat electrolytic corrosion. The selection is best done 
by studying the exposed samples. Such a study is helpful in 
picking the most economical material, as the samples will indi- 
cate the relative life and the tendency toward pitting. Often the 
short life of refinery equipment, due to becoming obsolete, dic- 
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Fic. 4 Section or Larce Fractionatinc Tower THE Top Part or Wuicu Is “SmrirHiINep’’ WirH Monet SHEET TO WITHSTAND 
Corrosion By Dituts HCL. Tue Borrom Linina Is or 18-8 ro Resist SULPHUR 


(Monel tower linings are confined to top sections where temperatures do not exceed 500 F.) 


fie. 5 Spoor-Tyre Specimen Houtprer Usep 1n Trestina Corro- 
SION OF METALS 


tates a less expensive material than would be selected if indefinite 
life is desired. 

The use of nonferrous alloys to combat electrolytic corrosion 
is widespread, as will be evident in the consideration of material 
used in parts of refinery equipment exposed to corrosives. 


CoNDENSING EQUIPMENT 


Condensing equipment suffers much from electrolytic corro- 
sion. As the tendency is increased to improve the efficiency of 
this equipment the need for better and more corrosion-resistant 
materials is felt, that is, as the submerged coil of cast-iron pipe is 
abandoned for shell-and-tube or submerged-tube segments, the 
need for better material is noted. i 

Condenser shells are formed either of Monel-clad steel or are 
protected locally by liners of this alloy, Fig.6. Where Admiralty 
tubing is suffering dezincification, the trend before the war was 
to use 70-30 copper-nickel tubes. Other nickel-containing tubing 
to thwart dezincification is hinted at as postwar materials. 

The 70-30 copper-nickel tube offers greater resistance to im- 
pingement attack than does Admiralty tubing. 


ISOMERIZATION EQUIPMENT 


The introduction of HCL gas as an atmosphere in an isomeriza~ 
tion operation has greatly intensified refinery corrosion problems. 

Hastelloy B, an alloy of approximately 60 per cent nickel, 32 
per cent molybdenum, is apparently one of the most resistant of 
commercial alloys to the corrosive conditions evoked by the use 
of the HCL atmosphere in the isomerization operation. Some 
data, Table 3, obtained by exposure of samples in an operating 
unit serve to place Hastelloy B in comparison with some other 
materials. The position of nickel is also indicated. It has been 
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noted in service that nickel is somewhat erratic in its resistance. 
The cause is not known for the variation noted. 

The study of materials for use in isomerization units is pro- 
ceeding apace. The widespread use of nickel would indicate that 
certain refinery units understand and can control its rate of cor- 
rosion. The success may depend on the efficiency of the de- 
hydrating equipment. High efficiency of these drying units will 
permit use of the cheaper materials of construction. 


ALKYLATION UNITS 


Alkylation is carried out witn the use of hydrofluoric and sul- 
phuric acids as catalysts. 

Monel has emerged as possibly the most useful of the commer- 
cial materials for parts of units using HF acid for the catalyst. 
It is now used as liners for vessels; as rings and packing; as 
valves and fittings, etc. There may be a tendency to use Monel 
lining with carbon packing. The corrosion engineer so inclined 
to this use is referred to Table 2 and is warned. 

“S”-Monel, a high-silicon alloy (4 per cent Si) (see Table 5) has 
such excellent resistance to seizing and galling that its use as the 
plug and other parts of valves was considered for use in HF al- 
kylation units. The vigorousness with which hydrofluoric acid 
attacks silica caused some concern that the silicon of S-Monel 
might be attacked. Laboratory results indicate that S-Monel is 


not attacked with especial vigor by HF, and use is made of this 
alloy as a plug material. 

A welding rod to permit an overlay of S-Monel has been de- 
veloped by the author’s company. Since the rod must of ne- 
cessity have a silicon content greater than that of S-Monel to 
compensate losses during the overlaying, the rod was tested in HF 
acid with results noted in Table 4. The rate of attack on the 
rod material itself is tolerable, and since the overlay will have the 
composition of S-Monel, which is apparently adequately resist- 
ant, the rod will probably fill a need for a corrosion- and a galling- 
resistant surface for valve parts. 

Sulphuric acid presents many corrosion problems in refineries, 
especially when it is used as the catalyst in an alkylation unit or 
asasolvent. This is due to variations in concentrations and tem- 
perature. Table 5 lists some materials used in handling sulphuric 
acid in petroleum refineries. 

When the problem involves concentrating acid, Hastelloy D 
has proved useful and it is used for the elements to introduce heat 
into the acid. 

Pump and valve parts are made from the alloys listed in Table 
5, and from similar alloys. 

The behavior of sulphuric acid is so influenced by the presence 
or absence of oxidizing reagents, by the presence of chlorine or 
other halogens, also by the presence of salts that can form hydro- 
chloric acid, that general recommendations rarely can be made. 


TABLE 3 STUDY OF ALLOYS IN ISOMERIZATION UNITS 


(Clays goth ype ios ob Gan CORD DO Gro Ot Gdn Hydrochloric gas and acid 
WRroCesSuniacere kaise eine re . Isomerization of Butane 
Duration: i\ccecte ieee < .1050 Hr 
Temperature.........--.--+e00-- .240 F avg 
———Spool No. 1 (tar) -——Spool No. 2 (vapor) 
Corrosion Pitting during Corrosion Pitting during 
rate, in. per test, in. rate, in. per test, in. 
year (avg) surface (max) year (avg) surface (max) 
Monel O06 Gar MP MES Oise aie 0.024 0.004 
Nickel O00» By Sie uicec 0.012 0.010 
Inconel O08 88a eres 0.012 0.002 
1828 Stainless: .../2). «see. «ci same G\00Zeee- el Oliewsaes 0.008 
TU pe GOL. ss oe a nencesage 0.094 0.0025 0.050 0.010 
18-8 Mo Stainless.........- he Vibes et catee ) gk! PP NDB te 0.006 
{Types 1 Gy hee ia toleleee Ps ob Re re aot 0.048 0.004 
Hastelloy B..-.......e0--- ORGODR 00 | Bec ayer: ORG. | GE Ase eerie 
Silvera salar sed Ue bree es 0.047 Perforated 0.065+ Entirely corroded 
CWOpDPeN Pamieteay ass is) Ss essiateiols 0.13+ Entirely corroded away 
away 0.043 03 
85-5-5-5 Bronze........-.-. 021455) 9 wee ae, OFO5S D8 Wee Bite eistacn ess 
Ni-Resist. 2.206 Sco. coe QUOD RS Fe aince tet EG Le Se ge “Sainctinto 
Mild ‘ateel -ob)seirsia. 2 rjaiel sie 0.162 0.005° 0.081 0.002 
Castarone saiccl<ste bei ne 4 0 OS5iie eh cee seest- (CROSPy 8 Sao ASGEE 


@ 1/; of specimen corroded away. 
6 1/3 of specimen corroded away. 
¢ 1/s of specimen corroded away. 
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TABLE 4 MONEL VERSUS HYDROFLUORIC; COMPARISON OF SILICON-CONTAINING 
" «HH AND “S’ MONEL WITH REGULAR MONEL? 


Duration of tests, air-free 


Duration of tests, air-saturated........ 


6 Days 
1 Day (24 hr) 


Velocity. :...... 42 to 73 fpm 


= 


Average corrosion rate, in. penetration per year 
At 86 F- 


At 176 F 


Air-free 


Air-saturated 


———_ 


Air-free Air-saturated 


Hydrofluoric acid 25 per cent (by weight) 


Mionel-sheetinosetronerer ical 0.0002 
@Wast: Monel. ce oon wee eee 0.0006 
AA IMOnel se cleletein eter eietenslereianeat= 0.0004 
S=Mioniels cies cixsevesprcur cia eteeele 0.0002 


Monel sheet 0.0001 
Cast (Monelae, jet fesse nese 0.0005 
IH=M oneltaeiaratecrcreierene 36 0.0002 
S=Monelitcrers ccpnicteye esterase crest 0.0004 


S-Monel welding rod, 6.6 per cent silicon... 
S-Monel welding rod, 5.2 per cent silicon......... 
Note accelerating effect of oxygen. 


In refinery service 


0.037 0.0024 0.011 
0.019 0.0013 0.020 
0.019 0.0004 0.022 
0.009 0.0002 0.021 
0.008 0.0006 0.039 
0.006 0.0022 0.037 
0.007 0.0009 0.044 
0.003 0.0020 0.046 
ai ates) a) axdvip arate’ w(otecesaretaletenslat acetate tsapat 0.018 
rarer newton 0.013 


this factor rarely appears. 


@ Laboratory tests in 25 per cent and 50 per cent hydrofluoric acid at 86 F, and 176 F. Specimens were 
suspended in liquid hydrofluoric-acid solutions in a closed nickel autoclave equipped with nickel reflux con- 


denser. 


Tests in air-free solutions made by bubbling nitrogen continuously through the acid, and air- 


saturated tests made by bubbling air continuously through. 


REPRESENTATIVE LIST AND APPROXIMATE COMPOSITIONS OF SOME 


NICKEL-CONTAINING ALLOYS USED IN CONNECTION WITH SULPHURIC ACID 


TABLE 5 
Chro- 
Nickel, Copper, Iron, mium, 
per per per per 
Material cent cent cent cent 
Nickelicmccsciceren 99.44 0.1 0.15 ete 
Monel 67. 30. 1.4 O00 
H-Moneld....... 65. 29.5 1.5 oe 
S-Monelb........ 63. 30. 2. ahs 
K-Monel........ 66. 29. 0.9 aire 
Inconel.......... 79.5 0.2 6.5 13. 
HastelloyA...... 53. oe 22. 500 
Hastelloy B...... 60. Se 6. wir. 
Hastelloy Cé..... 51. Ao 6. 17. 
Hastelloy D® 85. 3. or ates 
Tiltum' Gen. aa. 60. 4. 6. 21. 
Tt WR) erereecrecsts 60. 3. 8. 21. 
LaBourd......... 53. 5.0 8.0 23. 
Duramet T...... 22. 1.0 Bal. 19, 
Worthite......... 24, ale Bal. 20. 


@ Including cobalt. 
b Only as castings. 
Nore: 


The action of the presence of copper from copper-alloy fittings in 
the destruction of otherwise resistant alloys has been reported (2). 

The most resistant metallic materials to a wide variety of 
concentrations of sulphuric acid and to temperature variations 
and impurities in the acids to come to the author’s attention are 
the high-silicon cast irons, such as ‘‘Duriron” and “Corrosiron.” 
The brittleness of these materials somewhat limits their useful- 
ness but when considered in design they are used for many pieces 
of equipment. 


Caustic REGENERATORS 


Caustic is used both to neutralize acid and as a solvent for or- 
ganic compounds. As an example of the latter consider mercap- 
tan scrubbing and recovery. 

Monel appears to be one of the most useful materials with 
which to line caustic regenerators, and for caps and trays. The 
tubes of the reboiler are often of Monel which appears quite 
satisfactory. The service of the tubes is severe since boiling and 
high attending velocity often injure protective films.’ An alloy 
of 70-30 copper nickel appears unsatisfactory for this service of 
tubes in reboilers in units recovering mercaptans from caustic. 
The vigorous attack of sulphur upon the copper-rich alloy and 
subsequent injury of film may account for the failures of 70-30 
so far reported. 

Before undertaking to line an existing tower that has been in a 
caustic regenerating unit with Monel, it is well to consider that 
sulphur on the steel wall may cause embrittlement of plug or other 
welds. ‘The sulphur and adhering caustic must be entirely re- 
moved. Discussion of the proposed lining with the Technical 
Service group of the author’s company might be advisable since 
observations to date could be presented. 


Molyb- Alumi- Sili- Manga- Tung- 
denum, num, con, nese, sten, Carbon. 
per per per per per per 
cent cent cent cent cent cent 
ete 0.05 0.2. scare (eal 
5 0.1 ve der 0.15 
ee 3. 0.9 Bein 0.1 
af ies 4. 0.9 state O71 
do 2.75 0.25 0.4 are 0.15 
ant aN 0.25 0.25 wey 0.08 
22. L, 2. atone 50 
32. a 1 are 
19. Vs i 5. 
0 1 10. iL: aye 
6. HE i MW 
5. i Is ule i. 
4.0 4.0 0.5 2.0 Pid 
3.5 oe ee Hickey 0.07 
3. 3.3 0.6 0.07 


Specific use can be determined by making tests or by seeking suggestions from suppliers. 


Ni-Resist cast iron, a nickel or nickel-copper cast iron which is 
austenitic in structure, i.e., nonmagnetic, is useful for pumps and 
valve parts of equipment handling caustic. 

Nickel-clad steel appears to be the favorite material of con- 
struction in units employing caustic and an organic compoun 
to act as a solvent for mercaptans. ; 


SoLvENTS 


Many solvents find application in petroleum refineries. In 
fact the use of selective solvents has revolutionized the-art of 
refining. 

Many of the solvents are corrosive toward steel. Others not 
originally corrosive become so after use and contamination. 

For such solvents as phenol, furfural, and chlorinated com- 
pounds, Monel or 18-8 stainless will be found quite satisfactory. 
The 18-8 is the proper material to use at temperatures above 
500 F. Monel is considered more satisfactory for use with chlo- 
rinated solvents at the temperature at which these solvents are 
used. ‘ 

Solvents are often used at subzero temperatures of —50 F, 
—75 F, and —150 F. At these low temperatures corrosion 
ceases to be a problem but the impact value of many nonheat- 
treated steels suffers deterioration. Normalized nickel-contain- 
ing steels retain ‘a large part of the room-temperature impact 
value at low temperatures when properly made for this service. 
Nickel steels of 21/2 per cent are used at temperatures down to 
—i5 F. Nickel steels of 31/2 per cent, properly deoxidized and - 
aluminum-treated, should provide suitable material for vessels 
to operate at —150 F. The carbon of the steel should be low, 
preferably below 0.10 per cent. For uses at lower temperatures 
one should consider the austenitic stainless steels or Monel. 
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In the foregoing, plates and large parts capable only of being 
normalized are considered. Nearly all alloy steels that can be 
fully hardened by quenching and drawing will give good impact 
value at very low temperatures. 


HyproGcren ATTACK 


Hydrogenation is an important tool in petroleum refineries. 
Under conditions of temperature and high partial pressure of 
hydrogen, attack takes place upon steel and other materials in 
that there is a tendency toward decarburization and mechanical 
disintegration. 

Sulphur attack also is a factor in much of the hydrogenation of 
petroleum. 

The alloy, 18 per cent chrome, 8 per cent nickel, is highly re- 
sistant to hydrogen attack. It suffers some temporary loss in 
mechanical properties due to mechanical presence of hydrogen 


in the metal. The hydrogen can be removed by heating, and the 
properties restored. 

For other steels the presence of carbide-forming elements as 
chromium, tungsten, molybdenum, and others are required to 
prevent decarburization. In general, the more complex the car- 
bide the more resistant is the metal to decarburization under hy- 
drogenation conditions. Unless 12 per cent or more of chromium 
is present sulphur attack must be expected. 
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Creep of Neoprene in Shear Under 
Static Conditions 


By W. N. KEEN,! WILMINGTON, DEL. 


This paper presents some of the mechanical properties, 
particularly the creep characteristics, of neoprene and 
natural-rubber vulcanizates. Included along with the 
creep data are the mechanical properties obtained in both 
compression and shear on the vulcanizates used in this 
study. 


base composition by the use of different types of softeners 
and reinforcing fillers influenced the physical properties, 
particularly the creep characteristics, of neoprene vulcanizates. 
This paper shows how the creep in shear of neoprene vul- 
canizates in the hardness range of 40 to 60 durometer (Shore 
Type A) is influenced by the following: 


ie an earlier paper Yerzley (1)? showed how changing the 


1 Degree of vulcanization. 
2 Preconditioning in shear at elevated temperatures. 
3 Changes in composition. 


The long-time static creep-tests discussed herein show that 
as the degree or state of vulcanization of neoprene compositions 
is increased, the rate of creep and the set of these vulcanizates are 
decreased without appreciably altering other important mechani- 
cal properties. 

Preconditioning at elevated temperatures reduces both the 
rate and the magnitude of creep to a greater extent for the nco- 
prene vulcanizates than for the natural-rubber vulcanizate tested. 

The greatest improvement in creep characteristics has resulted 
from changes in the composition of the vulcanizates. 

Both the composition and the degree of vulcanization must 
be studied in order to obtain the most desirable combination of 
properties for a given application. Such a study should be broad 
enough to cover independent evaluation of the important me- 
chanical properties involved. 


Mernop or TrstinG SAMPLES 


The tests described in this paper were conducted at a con- 
trolled temperature of 82 F + 2 F under a load of 17.75 psi. 
The sandwich or specimen designed for evaluating vulcanizates 
in shear on the Yerzley oscillograph (2) was used in this work. 
Fig. 1 shows the static-creep test stand with specimens under test. 
The rectangular rubber members of the specimen are each 0.5 X 
0.5 X 0.882 in. The schematic sketch, Fig. 2, gives the details 
of the loading bar showing its knife-edge construction and the 
connecting linkage between the test specimen and the loading 
bar. The linkage is readily adjustable so that the bar may be 
leveled as creep takes place in the specimen. Creep in inches was 
measured by a dial gage (0.001) equipped with a special jig. 

In order to present the data for the several compositions on a 


1 Rubber Chemicals Division, Organic Chemicals Department, 
1. I. du Pont de Nemours & Company. Jun. A.S.M.I6, 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Rubber and Plastics Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tue 
American Socrery or MacHanicaL WNGINEERS. 

Norn: Statements and opinions, advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


Sraric-Creep Test Sranp AND DrrarL or SPECIMEN 


SAMPLE BEING TESTED 


LINKAGE —————— 


LOADING “KNIFE EDGE 
BAR 


Scurmatic Sxercn or Tusr Specimen, Loapina Bar, 
AND LINKAGE 


Fie. 2 


comparable basis, they are expressed in terms of relative creep, 
as defined by Yerzley (1). Relative creep may be expressed 
mathematically as follows: 


Total deformation — initial deformation” 


Relative creep = — - 
I Initial deformation* 


In other words, the relative creep at 5 min is zero in all cases. 


* Deformation obtained 5 min after loading. 
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TABLE 1 MECHANICAL PROPERTIES OF COMPOSITIONS 

Compression characteris ti¢s—— 

Per cent set, Resilience Fre- Static modulus, psi * Load at Effective 

A.S.T.M. A.S.T.M. at 20 per cent quency, AtO At 20 20 per cent dynamic 

grade —Cure— Hardness, methods deformation, cycles per cent per cent deformation modulus, 
Specimen no. min/deg F Shore A A per cent per min deformation psi psi 
8-1 SC-425 30/287 44 21 39 87 225 485 650 107 792 
S-2 SC-525 60/287 46 13 25 88 227 490 690 117 797 
8-3 BC-525 30/307 47 12 24 88 227 470 685 115 857 
8-3D SC-525 30/307 pes Pate are Aco bic ac 
8-4 SC-425 80/307 41 11 18 83 234 435 645 105 847 
8-6 SC-420 80/307 43 12 19 64 273 345 390 71 884 
8-7 RN-530 15/287 46 11 24 90 193 500 810 130 835 
s-7D RN-530 15/287 Shh iy Be ee, nor 
8-8 SC-614 40/307 59 10 32 75 oun ane 795 160 ee 
s-9 SC-612 65/307 59 10 18 58 ee Agee 770 160 art 
S-10 SC-614 45/307 59 4 9 77 237 710 870 200 1070 


The actual creep in inches is included in order to give the design 
engineer some idea of the magnitude of the dimensional changes 
resulting from creep. 

As the state or degree of vulcanization of neoprene is increased 
(S-1 versus S-2), the rate of creep and the set of the vulcanizates 
decrease. The decrease in the rate of creep with increased state 
of vulcanization is shown graphically in Fig. 3, where per cent 
relative creep is plotted against time on log-log paper. The 
change in rate of creep or slope values B are given in Table 1. 
It will be noted in Fig. 3 that the magnitude of relative creep is 
also reduced for this composition as the degree of vulcanization 
is increased. The numerical values for creep at the end of 3 
years and 9 months are given in Table 1. 

Table 1 also gives the compression and shear set values deter- 
mined under constant load and constant deflection. The shear 
set values were determined in accordance with A.8.T.M. D-395- 
40T with respect to time and temperature. These values indi- 
cate the actual shear strain remaining in the specimen after 30 
min recovery at room temperature. As would be expected, 
there is little difference in the physical properties between S-2 
and S-3 since the time and temperature relationship is such that 
the degree of vulcanization for them is about equal. From the 
manufacturer’s point of view the shorter time of vulcanization 
at a higher temperature would be more desirable. 


PRECONDITIONING TO REDUCE CREEP 


Another way to reduce the amount of creep of some vulcani- 
zates ig by preconditioning. Preconditioning of the neoprene 
(S-3D) and the natural-rubber (S-7D) specimens consisted of 
straining them 30 per’cent in shear and heating in this con- 
dition for 24 hr at 158 F. Afterthe heating period, the speci- 
mens were removed from the jig and permitted to rest for one week 
at 82 F before being mounted on the static-creep test stand. 
Fig. 4 shows how this preconditioning in shear reduces the rate 
of creep for a limited time for both neoprene and natural-rubber 
vulcanizates. hese curves indicate that neoprene is more 
receptive to preconditioning as a means of reducing creep than 
is natural rubber. Deviations from a straight-line function 
similar to those exhibited by curves S-3D, S-7, and 8-7D have 
been reported by other investigators (8). 


Errrect oF CHANGING COMPOSITION 


Fig. 5 presents some idea of how the relative creep may be 
varied by changing the composition. If this group of curves is 
considered from the standpoint of slope or rate of change of 
relative creep, they are all superior to the natural-rubber control 
except specimens S-4 and §-10. Specimens 8-6, S-8, and S-9, 
would undoubtedly be of greatest interest to the design engineer 
because of their low rate of creep, as indicated by their slopes of 
less than 0.20. It will be noted, however, that while all of the 
curves except S-4 and S-10 have a lower slope than the natural 
rubber (S-7); all of them except S-10 have a higher per cent 
relative creep after 1 day. This higher initial creep can readily 
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e 
be taken care of by the engineer in his design of a spring or 
mounting. 
In view of the fact that the relative creep - time curves are 
linear when plotted on logarithmic co-ordinates, they may be 
expressed by the equation 


Relative creep = At? 


where A = Y intercept at 1 day 
B = slope of curve 
t = time in days 
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TABLE 1 (Continued) 
= Shear characteristics 
Percent Percent Resilience Load - Static-creep characteristics in shear—————~ 
set set at 20 Static modulus, at 20 Under load of reep 
constant constant per cent Fre- psi percent Effective 17.75 psi Per cent in Y, 
; load, deflec- deforma- quency, Ato At20 deforma- dynamic Initial Initial relative inches, inter- 
Speci- 17.75 tion, 20 tion, cycles percent percent tion, modulus, deformation, shear, creep, 3 yr cept Slope 
men psi per cent percent per min deformation psi psi in. percent 3yr9mo 9mo A B 
8-1 5.0 3.5 85 167 100 106 20 204 0.0930 18.6 92.3 0.0858 0.158 0.244 
S-2 4.2 2.8 86 169 120 107 22 210 0.0858 17.2 69.4 0.0595 0.140 0.222 
8-3 4.0 2.7 87 176 115 105 22 227 0.0883 iyfave 63.0 0.0556 0.142 0.205 
8-3D aye sc ie Bute fas NGO ite ee 0.0843 16.9 53.6 0.0452 0.140 0.121% 
S-4 4.6 3.6 83 159 102 95 20 180 0.0935 18.7 42.0 0.0393 0.050 0.295 
8-6 6.3 3.8 66 174 91 73 17 224 0.1530 30.6 65.0 0.0995 0.217 0.155 
S-7 4.5 4.0 90 161 121 125 25 231 0.0707 14.1 54,2 0.0383 0.031 0.285% 
§-7D a AS Bo Ay ayy ees 54 ee 0.0717 14.3 46.0 0.0330... et 
8-8 40 50 80 202 150 145 30 363 0.0591 11.8 104.0 0.0615 0.296 0.174 
8-9 o0 oie 63 193 135 130 28 314 0.0649 12.9 50.6 0.0328 0.194 0.129 
8-10 1.8 2.4 81 187 197 173 38 365 0.0465 9.3 22.0 0.0102 0.026 0.294 


@ Slope of straight-line portion of curve. 
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Table 1 gives the values for A and B for all of the curves except 
S-7D which has a variable slope. 

As has been shown, the A.S.T.M. set, and the creep characteris- 
tics of neoprene are improved as the state of vulcanization is 
increased. Likewise some of the other mechanical properties in 
both compression and shear are increased as the state of vul- 
canization progresses (see Table 1). The compression char- 
acteristics were determined on cylinders 0.75 in. diam and 0.5 in. 
high, molded from the same composition used in making the 
shear specimens. 

In view of the popular belief that high resilience is indicative 
of low creep, it is interesting to note that neoprene specimens 
S-6, 8-8, and S-9, which have the lowest rate of creep of the com- 
pounds investigated, also have the lowest resilience. This is 


further evidence to confirm Yerzley’s (1) statement that there 
is no simple correlation between creep rate and resilience. 


CHANGE IN Properties With AGE AND TEMPERATURE 


Since engineers are always interested in knowing how age 
affects the material with which they are working, the following 
data were obtained. The static creep test in shear after 3 years 
was terminated on specimens of S-1, 8-4, S-7, and S-10, and the set 
in shear remaining 24 hr after removing the load was recorded. 
The change in the mechanical properties of these four specimens 
and in the specimens of the same four vulcanizates which had 
been stored at 82 F in an unstressed condition for 3 years were 
obtained by means of the Yerzley oscillograph. Data given in 
Table 2 show that natural aging for 3 years has caused a slight 
stiffening of the neoprene vulcanizates which is reflected by the 
increase in resilience, frequency, and moduli. There is little 
difference between samples aged in a stressed condition and those 
aged in an unstressed condition. 

Knowledge of how the mechanical characteristics of a vul- 
canizate are affected by changes in temperature is for most ap- 
plications essential to the design engineer. Riesing (4) has 
shown the effect of temperature on some of the physical proper- 
ties of neoprene vulcanizates. He presented data showing the 
functional stability of neoprene at different temperatures by in- 
stalling neoprene motor mountings, muffler support, and spring- 
shackle bushings in a car and conducting tests at ambient tem- 
peratures of —40 F and +140F. 

Both Forman (5) and Liska (6) have reported that some 
neoprene vulcanizates show delayed stiffening on long exposure 
to moderately low temperatures (32 F). This stiffening is the 
result of crystallization of the elastomer. From a practical con- 
sideration crystallization is not as serious as it sounds because 
the vulcanizate returns to its original state when the ambient 
temperature is increased or when there is mechanical work done 
on the vulcanizate. Recent technological advancements in the 


TABLE 2 EFFECT OF NATURAL AGING ON MECHANICAL PROPERTIES 


Resilience Fre- Static modulus, psi— Load at Effective Per cent 
A.S.T.M,. at 20 percent quency, At 20 percent dynamic Shear Per cent shear set 
Speci- grade -—Cure— deformation, cycles 0 percent 20 per cent deformation, modulus, Creep, — strain, relative (24-hr recov- 
men no. Min/deg F per cent per min deformation psi psi in, percent creep ery) 
Original shear characteristics 
§-1 SC-425 30/287 85 167 100 106 20 204 
8-4 SC-425 80/307 83 159 102 95 20 180 
8-7 RN-530 15/287 90 161 121 125 25 231 
8-10 SC-614 45/307 81 187 197 173 38 365 
Shear characteristics after a 3-year static-creep test (under a load in shear of 17.75 psi at 82 F) 
8-1 90 175 115 118 24 225 0.0675 34.7 81.3 18.4 
8-4 85 174 128 118 24 224 0.0366 28.6 39.2 13.5 
8-7 90 161 133 130 26 232 0.0315 24.0 43.3 9.5 
8-10 83 194 220 195 41 396 0.0092 14.5 19.9 6.0 
Shear characteristics after 3 years of aging in an unstressed condition at 82 F 
8-1 $1 170 125 110 24 212 
S-4 82 183 115 118 22 246 
8-7 91 163 130 185 27 236 
S-10 No specimen available 
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processing of neoprene have led to a practical way of preventing 
crystallization (7). 

Although static-creep tests give valuable information, an ob- 
vious disadvantage is the fact that they are time-consuming, and 
technical advancement often results in a composition becoming 
obsolete before the testing is completed. This emphasizes the 
desirability for a more rapid method of testing the creep charac- 
teristics of elastomeric materials. Considerable experimenta- 
tion was carried out in the du Pont rubber laboratory during 
the past year for the purpose of developing a satisfactory dy- 
namic-creep test. Apparatus has been built and is in operation. 
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SeRVES FoR LAMINATING PURPOSES 


Physical Properties of Resin- 


Impregnated Plaster 


By JOHN DELMONTE,! LOS ANGELES, CALIF. 


While development work on impregnated plaster bodies 
has been in progress for many years, it was not until 1945 
that the process was finally commercialized with low-vis- 
cosity furane resins, and extensive applications under- 
taken in the tooling field, and in general improvements of 
plaster-of-Paris patterns and forms. The impregnation 
of plaster of Paris with liquid thermosetting resins and the 
subsequent conversion of the product with heat, result in 
the formation of a material which has been called ‘“‘Plas- 
preg.” In this paper the methods of producing this ma- 
terial, its physical properties, and applications are dis- 
cussed. 


HE impregnation of plaster of Paris with liquid thermoset- 
ting resins and the subsequent conversion of the product 
with heat results in the formation of an entirely new ma- 
terial of construction. The resinified plaster body still retains 
the crystalline structura] network formed on the hydration of 
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2CaSO,.H,0, although considerably augmented through infusion 
with synthetic resins. In appearance and feel the impregnated 
plaster body resembles a cast plastic material more than it does 
the ordinary plaster-of-Paris bodies, though the improvements 
which are possible extend much further than the appearance, as 
all properties are greatly enhanced. 

While development work on impregnated plaster bodies has 
been in progress for many years, it was not unti] 1945 that the 
process finally became commercialized with low-viscosity furane 
resins, and extensive applications undertaken in the tooling field 
and in general improvements of plaster-of-Paris patterns and 
forms, While the range of usefulness of resin-impregnated plaster 
(Plaspreg) forms will be analyzed more completely later in this 
paper, it will suffice for the moment to point out that among the 
applications are master models built of plaster of Paris (weighing 
several hundred:pounds) which have been rendered much harder 
and more permanent through proper impregnation of furane 
resin; dies for hydropress operation in forming sheet metal; 
Keller pattern and duplicating dies; core boxes for the foundry; 
forms for laminating polyester resins; contoured shapes for shap- 
ing acrylic plastics; and general improvement in properties of 
dozens of plaster-of-Paris patterns of industrial and decorative 
value. 


Merxop or APPLICATION 


The application of low-viscosity furane resins to the hardening 
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of plaster-of-Paris bodies is a relatively simple procedure. Plaster 
of Paris or “hydrocal” forms are prepared in exactly their usual 
manner, i.e., added to water in certain optimum proportions and 
then stirred and poured. Depending upon the grade of plaster, 
the forms set in approximately 15 to 20 min, reproducing with the 
utmost fidelity the finest details of the mold. The sections can be 
splash castings 1/, in. thick or sections measuring several feet in 
thickness. The hydration process is an exothermic reaction and 
some heat is developed although temperatures seldom exceed 
50 C. After the plaster has firmly set, it may be removed from 
the mold. There is a considerable amount of free water present 
which should be evaporated for best results. This can be ac- 
complished by forced drying or leaving in the open for several 
days. Up to this point the process is standard practice in so far 
as the plaster industry is concerned. The next step is the appli- 
cation of low-viscosity furane resin which is applied by dipping, 
brushing, or spraying. The rate of resin diffusion is very rapid, 
and after thorough impregnation parts are generally cured at 
temperatures of 140 to 160 F. The final impregnated body is the 
entirely new structural material which-has proved so useful. 

The application of organic plastics to plaster-of-Paris bodies is 
not entirely a new idea, as coatings have been sprayed on the 
material for many years, largely to seal its surface or to apply 
some decorative finish. The writer first began experimenting 
with the impregnation of plaster some 5 years ago and has suc- 
cessfully applied many types of thermosetting urea, melamine, 
phenolic, and polyester resins and thermoplastic resins. Some of 
the background leading to the development of furane-resin-im- 
pregnated plaster was. described in a recent paper before the 
§.P.1. (1.4 

The final procedure selected for preparing PJaspreg involved a 
low-viscosity furane resin whose viscosity could be readily ad- 
justed to meet various application conditions, not by methods of 
diluting with solvents such as water, alcohol, or acetone, but 
through proper polymerization conditions. Thus a complete 
liquid resin capable of conversion to an infusible, insoluble body 
was developed exclusively for plaster-of-Paris treatment. 

A typical application of furane-resin impregnation to plaster-of- 
Paris bodies is shown in Fig. 1 illustrating a die for laminating 
purposes. A polyester resin has been laminated about the im- 
pregnated form and cured at 250 F. The technique of plaster im- 
pregnation was suggested by the author in 1943 (2). Further 
work upon hydrocal was cited in a more recent publication (3). 
A further example of furane-resin impregnation is shown in Fig. 2. 
The many fine details made possible by this impregnation and 
curing process are emphasized. 


VARIABLES WHICH INFLUENCE RATE AND FASE OF IMPREGNATION 


Throughout all of the work which has been accomplished in the 
impregnation of plaster of Paris, it has become apparent that best 
results are obtained through infusion with low-viscosity resins 
into dry plaster-of-Paris bodies. There are several variables which 
will influence the rate and ease of impregnation. These are as 
follows: (a) Inherent resin viscosity in the absence of solvent; 
(6) relative porosity of the plaster structure, determined 
largely by the initial solids-to-water ratio; (c) temperature of 
the plaster-of-Paris body; (d) presence of impurities upon the 
surface. Inasmuch as the correct development of the physical 
properties of resin-impregnated plaster depends upon these vari- 
ables, they will be discussed briefly. 

(a) Resin Viscosity. The resin viscosity has a definite influence 
upon the rate of penetration into the plaster. The higher the vis- 
cosity, the higher is the molecular weight and the slower the rate of 


? Numbers in parentheses refer to the Bibliography at the end of 
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VISCOSITIES OF THE SAME FURANE RESIN 


penetration, The mobility of the resin and its ability to wet sur- 
faces are functions of resin viscosity and, due to the capillary 
nature of the diffusion process into plaster bodies, resin viscosity is 
most important. This fact is graphically illustrated in Fig. 3 
where the amount of penetration is plotted against time for differ- 
ent viscosities of the same furane resin. The much slower pene- 
tration rate of the higher-viscosity resins should be noted. Varia- 
tions in viscosity were achieved by polymerizing the resin to vari- 
ous degrees, otherwise the material is chemically the same. An- 
other interesting observation which can be made is that the rate 
of penetration approaches a constant value after a period of time. 
While the test method adopted precluded measurements .of 
penetrations much beyond 1'/; in., it will be noted that complete 
cessation of penetration did not occur. A relatively simple tech- , 
nique was devised in which the plaster of Paris was poured into a 
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glass vial and then given an opportunity of thorough drying at 
low temperatures. Because of the slight expansion in setting, a 
tight fit was insured against the side of the glass vial. ‘The pene- 
tration could be observed at the side of the glass vial and measure- 
ments made at frequent intervals. These checked completely 
with any observation upon samples cut open after different inter- 
vals of immersion in the resin. 

From the data accumulated it was possible to express the rate 
of penetration by the following equation: 


where 
r is rate of penetration at any time 
ro is final steady-state penetration rate 
k constant, depending upon physical factors, such as por- 
osity 
t time 
u viscosity 


Thinning the resin with low-viscosity solvents does not produce 
increased rates of penetration of anything except the solvent, pri- 
marily because the plaster-of-Paris body will act as a filtering me- 
dium and separate the higher molecular-weight components 
from their carrier. This means that a thick resin, such as a phe- 
nolic casting resin, may presumably be thinned to a low enough 
viscosity for good penetration. However, during application only 
the solvent will penetrate, with the high-viscosity phenolic resin 
remaining near the surface. Other variable factors such as 
method of application of the resin impregnant, will influence the 
penetration of the resin. Brushing on the resin and keeping it 
in motion wil] aid penetration. 

(b) Porosity of Plaster. The porosity of the plaster has a defi- 
nite bearing on the amount of resin which can be absorbed. It is 
seldom possible to produce a workable mix of plaster and water 
with less than 60 Jb of water per 100 lb of plaster. Of the water 
used, however, only 18.5 lb are required to set the plaster chem- 
ically and the balance of 42.5 lb represents free water. This water 
is evaporated or forced out by oven-drying, leaving voids to be 
filled by the resin impregnant. While the author has employed a 
number of water-soluble resins for diffusion into plaster, and in 
this manner obtained a good penetration followed by subsequent 
hardening, the total amount of resin pickup is obviously less than 
when a 100-per cent resin impregnant is employed for application 
to a plaster in which the free water has been removed. 

In Fig. 4 the relationship between the water and plaster ratio 
and the maximum theoretical pickup is illustrated (calculated on 
the basis of a 1.18 specific-gravity resin). The resin pickup is 
based on the total removal of free water after the cast has been 
made. In addition, the decrease in compressive strength of the 
plaster is illustrated, indicating that when large amounts of 
water are employed, the percentage of voids is greater and the 
effect upon the strength more pronounced. The values for com- 
pressive strength of the non-resin-treated plaster are obtained 
upon dry plaster which is appreciably stronger than wet plaster. 
At the same time, the compressive strength of resinified plaster 
is also illustrated. The reinforcing effect of the furane-resin im- 
pregnant is quite apparent, as even low-density lightweight plas- 
ters are considerably improved. The same improvement is also 
noted if, during the process of drying or during use, some of the 
water of crystallization is removed. Resin impregnation over- 
comes weakness or loss of strength in plaster. 

To demonstrate the increased rates of resin impregnation for 
more porous plasters, a group of test specimens was prepared from 
100/60 (solid-to-water ratio) to a rate of 100/100. When ‘these 
had been thoroughly dried of free water, resin-impregnation tests 
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were conducted and depth of penetration versus time observed. 
Averages of several test results are reported in Fig. 5 for a furane 
resin of initial viscosity of 2 to 3 centipoises. Viscosity measure- 
ments were conducted at 25 C, with a “‘Zahn’’ viscosimeter cup 
purchased from the General Electric Company. The increased 
rates of penetration for more porous plasters are readily indicated 
upon this curve sheet. 

The porosity may also be checked by the water absorbed and 
in some processes, such as pottery manufacture, this is an impor- 
tant procedure. Aside from this application, low water absorption 
is an asset. In resinified plaster, where voids are substantially 
filled with furane resin, water absorption is very low; less than 2 
per cent A.S.T.M. water absorption in 24 hr when properly pre- 
pared. Herein lies the utility of furane-resin-impregnated plaster 
tools and articles from a weathering standpoint; they are substan- 
tially more satisfactory than untreated plasters. Within a few 
minutes’ immersion, most plasters of the 100/plaster/60 H,O 
composition will have a water absorption of 25 per cent. Parts 
will deteriorate rapidly, while nonporous resinified plaster is 
infinitely more satisfactory. 


(c) Temperature of Plaster. While not of major consequence 
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the temperature of the plaster at time of impregnation wil) in- 
fluence the rate of penetration of the resin. By raising the tem- 
perature of the plaster it is possible at the time of resin applica- 
tion to obtain quicker penetration. From a practical point of 
view, as forms are removed from the drying oven they can be 
immediately treated with the resin impregnant without waiting 
for them to cool. In Fig. 6 is compared the rate of penetration 
of a 1 to 2-centipoise-viscosity furane resin at room temperature 
of 75-80 F, 135-140 F, and 180-185 F, respectively. The faster 
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rate at 185 F is immediately observed. After a period of time 
the higher temperature has a retarding action inasmuch as the 
resin impregnant begins to cure or polymerize, resulting in a de- 
crease in the rate. The plaster used in this experiment and others, 
unless otherwise indicated, is 100 solids to 60 parts of water. 

(d) Impurities on Surface. There are several types of surface 
impurities which may influence the rate of penetration of the 
resin into the plaster. This becomes of practical importance 
when, for example, treating large surfaces and uniform appear- 
ance is necessary. One of the more common surface imperfec- 
tions may arise from too liberal use of a parting agent in preparing 
plaster-of-Paris molds and patterns. Stearic acid is largely used 
for this purpose, as well as various soaps. These materials, if 
present, would restrict penetration of resin into the surface. 
However, if removed by light sanding or finishing operations 
upon the plaster surface, uniform pickup of resin is assured. In 
applying furane resin to develop resinified plasters, these surface 
irregularities can be readily observed, and a few spots where an 
excess amount of lubricant is present may be easily detected. A 
light touch with very fine sandpaper eliminates this problem. 

Another type of surface imperfection finds origin in the mixing 
of the plaster. This imperfection is known to the plaster trade as 
a “hard spot.’ It occurs, generally, on large smooth surfaces, 
particularly near sharp corners or edges where rapid drying oc- 
curs. The hard spots are due simply to portions of plaster not 
too thoroughly mixed with the balance of the batch. If this is 
the case, such that a higher solids-to-water ratio is present, the 
plaster will tend to be harder, and porosity a little less. Once 
again, however, light sanding over this region will make the pick- 
up of resin more uniform. 


Amount OF Resin ReQuireD 


While best physical properties are obtained upon fully impreg- 
nated forms, it is also feasible to consider surface penetrations 
of !/, to 1/2 in. without necessarily going through several inches of 
plaster. For many contour blocks and tools this procedure has 
been followed for reasons of economy, and a good hard surface 
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obtained without full treatment of the plaster. The amount ap- 
plied may be controlled to some extent by the number of times 
the surface is gone over with a brush that has been saturated with 
liquid furane resin. Absorption of resin into the surface may be 
likened to the absorption of ink into a piece of blotting paper. 
Penetration takes place instantaneously upon the initial applica- 
tion, though at a slower rate after 10 or 15 min, 

While vacuum and pressure vessels have been employed to ob- 
tain even faster and more thorough penetrations, the entire pro- 
cedure is conducted at atmospheric pressure and temperature. 
When thin, low-viscosity resins are employed, the amount of 
build-up on the surface is negligible. However, when high-viscos- 
ity impregnating resins are employed, there is some build-up on 
the surface which must be wiped off before the part is cured. For 
greatest accuracy of dimensions this is quite important. Like- 
wise, obscuring of surface details is avoided, and the plaster-of- 
Paris part is unaffected in detail though materially improved in 
substance. 

For quick estimates of the amount of resin required to impreg- 
nate completely a plaster-of-Paris body, the article is weighed and 
approximately 40 per cent of its weight is prepared in impregnat- 
ing resin. The actual amount required depends, however, on 
how thorough a penetration is desired, how well the plaster has 
been dried, and the other variable factors previously described. 


CurRING IMPREGNATED PLASTER 


After the plaster has been properly impregnated, it is cured to 
develop optimum physical properties, which are consistently a 
300 to 400 per cent improvement over the straight plaster-of-Paris 
structure. The curing procedure does not invite any special com- 
plications, simply requiring placing the form in an oven and slowly 
raising the temperature to about 145-150 F. The rate at which 
temperature is raised or the rate at which it is lowered must be 
conducted, of course, with concern for thermal] expansion and 
shrinkage characteristics, in order to avoid the development of 
internal stresses at any position such as may mark the meeting 
of a thick or thin section of material. 

While a very slight initial shrinkage may be observed, of the 
order of 0.05 per cent, the aftershrinkage of resinified plaster is 
negligible, and dimensions are held with utmost accuracy. This 
is a fortunate circumstance when considering the problems 
brought on by cast liquid resins, and the excessive shrinkages 
they have incurred, even with a judicious selection of fillers. 
Even after prolonged heating at 185 to 190 F, the dimensions are 
unchanged in resinified plaster. j 

At the same time these tests were made, the thermal-expansion 
coefficient was determined at 0.000022. This value approximates 
the expansion coefficient of aluminum alloys. This property has 
been utilized to advantage in providing for localized reinforce- 
ment of resinified plasters at positions of high stress concentra- 
tion. The insertion of aluminum-alloy strips or corners, folded 
from sheet metal, gives the end product greater toughness where 
it is most needed. At first, this reinforcement may be viewed as 
an obvious procedure. However, the fact remains that cast plas- 
ties tooling has not been reinforced with metal strips because the 
plastics are too unstable and their aftershrinkage characteristics 
would create conditions for internal stresses and ultimate cracks 
in the casting. The complete absence of aftershrinkage in resini- 
fied plaster and the coincidence of identical thermal-expansion 
coefficients make a sound combination with aluminum alloy. 

In Fig. 7 are curves showing the attainment of cure conditions 
at different temperatures. There are two stages to the cure: 
One in which the impregnating resin takes a set and turns to a 
dark color and the other in which the strength is progressively 
increased, The criterion proving most useful for this work is the 
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value of compressive strength, measured upon l-in. cubes at 
frequent intervals during cure time. Impact-strength measure- 
ments run parallel to these. This set of results is also quite signifi- 
cant and explains in part why resinified plasters are much harder 
and more chip-resistant than unimpregnated materials. Of 
course, the values of impact strength indicated will not prevent 
the part from breaking, although there are various design princi- 
ples which can be followed to give improved results. These design 
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Resin XP, impregnated plaster.) 


principles place emphasis upon generously rounded corners and 
ample sections of materials to withstand load conditions. Im- 
pregnated plaster is not flexible, as the modulus of elasticity is 
quite high and hence when loaded, as in the application to a 
hydropress forming operation, the base should be perfectly flat 
and preferably mounted upon a true surface without any “bowing” 
before load is applied. 

Additions of various fillers to the plaster composition to achieve 
even higher impact strength, will be discussed later in this paper. 
Comparative physical properties with various methods of rein- 
forcement will also be outlined. 


TEMPERATURE STABILITY 


One of the most important gains registered in furane-resin-im- 
pregnated plasters over unimpregnated plaster is improvement 
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in temperature stability. This has already been indicated in part 
by pointing out that the material has a negligible aftershrinkage. 
The study, however, goes deeper than that and in two respects 
resinified plaster is far superior to ordinary plaster: 

1 Maximum continuous operating temperature which it will 
withstand without suffering any permanent change in physical 
properties is in the neighborhood of 180 F. This value is appreci- 
ably more than straight plaster, the temperature limit of which is 
about 120 F, because above this it loses water of crystallization 
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and strength. Likewise, the liquid casting resinshave temperature 
limits of about 140 F or thereabouts, because at higher degrees 
they shrink too excessively. 

2 The maximum temperature at which resin-impregnated 
plaster can operate continuously and still be stronger than the 
initial plaster, is about 250 F. Above 180 F the strength may 
fall off slowly to a certain level and then stop, although it will be 
stronger than the original plaster of Paris. This has been quite 
important to foundry work where plaster forms and core boxes 
have not been considered because of the rapidity with which they 
lose strength when raised in temperature. 

The permanency of the physical properties of resin-impreg- 
nated plaster is indicated by the retention of its strength over a 
long period of time. Impregnated bodies prepared a few years 
ago test as strong as when they were first cured. To accelerate 
the aging of resinified plaster, a constant-temperature oven at 
185-190 F is employed and compressive strength is observed 
after various intervals of time. Typical results are shown in Fig. 
8. For purposes of comparison, straight plaster has also been 
tested. The loss in strength of plaster is due to loss of strength on 
removal of water of crystallization at high temperature. Reten- 
tion of strength after exposure to high temperatures is indicative 
not only of the permanency of the materials, but also of operating 
temperature limits. As is the experience with most thermosetting 
plastics, short exposures to high temperatures in excess of continu- 
ously operating temperature limits will not be damaging. 

Limiting factors in the temperature resistance of resinified 
plaster are (a) the loss of water of crystallization, and (b) the 
temperature limits of the furane-resin polymer, which lie about 
250-300 F. Further improvements in temperature stability can 
be realized by substituting an inert filler such as powdered silica 
for part of the plaster of Paris. This can be accomplished without 
weakening the total cured structure. 


CHEMICAL RESISTANCE 


The chemical resistance of furane-resin-impregnated plaster is 
much more satisfactory than is that of untreated plaster. Water- 
absorption tests at room temperature are shown graphically over 
a long period of time in Fig. 9. Not only is water absorption 
greatly reduced because of the presence of furane resins to fill the 
voids, but furane-resin solids (100 per cent) show an A.S.T.M. 
water absorption of less than 0.05 per cent in 24 hr. In Fig. 9 
sanded surfaces are compared with polished surfaces. For maxi- 
mum weather protection, resinified-plaster toolings are polished or 
rubbed by hand with a wax suitable for finishing purposes. This 
will enable parts to be stored in the open, whereas in the past plas- 
ter has fallen apart or was seriously weakened by such exposures. 
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Strong acids and alkalies affect resinified plaster only slightly, 
whereas they cause untreated plaster to decompose. As evidence 
of their good chemical resistance, various resinified plaster parts 
have been electroplated after first applying a thin high-polymer 
film, followed by stannous chloride and then a silvering solution. 

For general chemical and temperature resistance, the parts 
shown in Fig. 1 illustrate the utility of resinified plasters as tool- 
ing for low-pressure laminating. The service life of plaster parts is 
increased quite appreciably owing to the much higher strength. 
In addition, forms are rendered quite impervious to various poly- 
ester resins which must be cured at temperatures as high as 300 
F. In the illustration shown, XRS-16631 served as the laminating 
resin for glass cloth which was cured under vacuum pressure. 
A vinyl-resin lacquer provides a good release agent for the parts 
in question. 

In another important laminating problem for complicated 
ducts for aircraft, a removable core of plaster was necessary for 
each operation, requiring breakage to take the piece out. The 
plaster cores did not possess sufficient strength to stand up under 
the laminating operation, although the problem was solved by 
subsequent treatment with furane resins. By impregnation they 
acquired sufficient strength to withstand the pressure of the lam- 
inating operation. A number of air ducts for fighter airplanes was 
produced in this manner. 


PuysicaL PROPERTIES OF RESINIFIED PLASTERS 


The discussion so far has centered upon furane-resin-impreg- 
nated plaster of Paris. Results are even more noteworthy when 
various fibrous reinforcements are included in the plaster. Long 
fibers such as hemp or sisal fiber have been known to strengthen 
plaster patterns and tooling. They likewise add considerably to 
the strength of the resin-impregnated plasters. Glass flock, in 
particular, is effective in forming a strong and tough body which 
can take much mechanical abuse, and its introduction into plaster 
before impregnation is an important step. 

In Table 1 some of the physical properties of furane-resin-im- 
pregnated plaster are noted. 


TABLE 1 PHYSICAL PROPERTIES OF RESINIFIED PLASTERS 
Unimpregnated Resinified plaster 
Material plaster no filler 
Property: 
Specific gravity cis. costes stele elaleterere 1.15 (dry) 1.65 
Compressive strength, psi.......... 1500-1800 7500-8000 
Flexural strength; psi. 3. 9...0.01 «158 400-500 2500-3500 
Impact strength, Charpy unnotched, 
ft-lbiiper in. siscminste sas. tasters tn 0.15-0.25 0.8-1 
Water absorption, per cent in 24 hr, 35 2 


All of the physical tests followed the applicable A.S.T.M. stand- 
ards with the exception of compressive-strength tests which em- 
ployed 1-in. cubes instead of !/s-in. cubes. The unimpregnated 
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plaster and resinified plaster contained 100 parts of solids and 60 
of water at the time of preparation. Materials were dried at 
room temperature for 3 or 4 days and,then overnight at 140 F, 
to remove all traces of free water. They were impregnated with 
low-viscosity resins and cured about 48 hours at 150 F. 

In conclusion, it appears desirable to sum up some of the ad- 
vantages and disadvantages of resinified plaster. It represents 
the application of a new thermosetting resin, the 100 per cent fur- 
ane resin, into the plastics picture and the development of a new 
and important outlet for plastics in the ceramics industry. A 
new, low-cost tooling material with negligible shrinkage has made 
its appearance. 

The advantages of resinified plaster are as follows: 

Low Cost. Resinified plaster is prepared from a low-cost base 
material, plaster of Paris, which costs about 1 cent per lb. When 
fully impregnated, the cost of the treated plaster is appreciably 
less than that of a thermosetting cast-phenolic resin. 

Ease of Fabrication. From the standpoint of ease of fabrication 
and workability, plaster has few equals. In the resin-impregna- 
tion process, plaster of Paris or hydrocal tools, forms, or patterns 
are prepared in their usual manner and set at room temperature. 
A very stable structure is prepared with simple tools. Upon res- 
inifying and hardening, this form is rendered permanent. 

Physical, Chemical, and Thermal Properties. These properties 
have been vastly improved over the straight plaster, placing fully 
resin-impregnated plaster in the same class as liquid-cast resins, 
with the important advantage of zero aftershrinkage. 

Applications. No form is too small or section too big to be 
handled by this process. Resin penetrations up to several inches 
have been accomplished at room temperature and atmospheric 
pressure. Wherever plaster is used resin impregnation may be 
applied to convert these articles to permanent, stronger materials 
of construction. 

The disadvantages of resinified plaster are as follows: 

Drying. For best results the plaster forms should be thoroughly 
dried out. This necessitates an additional step in preparing plas- 
ter and lengthens the time lapse before the tool can be used. 

Breaking. While all properties are improved some 300-400 per 
cent, furane-resin-impregnated forms can still be broken, and 
one should not expect the treatment to convert plaster into a 
rubberlike, unbreakable material. 
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The Control of Fouling Organisms 
in Fresh- and Salt-Water Circuits 


By JOHN G. DOBSON,! SHORT HILLS, N. J. 


The difficulties encountered by industrial water users due 
to fouling organisms are discussed. To control such foul- 
ing, a knowledge of the organism’s life cycle and reactions 
to stimulus is necessary. Typical mollusks, Bryozoa, 
sponges, barnacles, and tunicates are considered. Their 
control can be effected by heat, change of salinity, change 
of oxygen content, increased velocity, acids, antifouling 
paints, screening and poisoning witha number of different 
poisons. It is concluded that chlorination is the most ef- 
fective and economical of these methods justifying itself 
in most plants by improved heat transfer alone. Factors 
to be considered in designing water systems that may foul 
are also outlined. 


INTRODUCTION 


EXAMPLES OF PROBLEMS 


HE growth of marine macroorganisms, both plant and 

animal, has been a continuing source of difficulty to power 

stations, oil refineries, and other users of industrial water. 
Although much has been written concerning accumulation of 
microorganisms of the capsulated and slime-forming types on 
heat-exchanger surfaces with attendant reduction of heat-trans- 
fer efficiency (1, 2, 3),? little has been published on the growth 
and control of the macroorganism in closed water circuits. This 
paper deals with those fouling organisms visible to the naked eye 
which cause industrial difficulties. 

One of the more important, although perhaps the least obvious 
of the difficulties resulting from fouling by the larger aquatic 
organisms, is the reduction in the carrying capacity of a pipe line 
by reduction of the Hazen and Williams coefficient and also by 
actual reduction of the pipe-line diameter. In addition to some 
fresh-water grasses and mats of fresh-water algae in the sunlit 
portions of the water conduits, the most common organisms re- 
sponsible for this blocking of fresh water lines are the Bryozoa, 
notably Pectinatella magnifica, and the sponges. In salt-water 
or brackish-water lines, the various hydroids and Bryozoa, as 
well as Mollusca and Tunicates, are responsible for such reduction. 

Sponges, both of the calcareous and of the siliceous or fiber types 
have been responsible for occasional fouling of pipe lines. In one 
southwestern city the Hazen and Williams coefficient has dropped 
from 145 to 94.5 on a 60-in. iron pipe line due to sponge accu- 
mulations. Occasionally large cast-iron pipe lines have become 
almost completely blocked with various Mollusca, notably 
Mytilus edulis and Pecten latiauratus in salt-water circuits and 
various Dreissentidae in fresh-water circuits. As much as 266 
tons of shells have been removed yearly from the circulating 
tunnels of one New England power station. Another station 
has an accumulation of dead shells 3 ft to 6 ft deep in a tunnel 
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with a 6 X 11-ft cross section and 400 ft long. Figs. 1 to 4 
inclusive, illustrate conditions in a tunnel on October 1, 1945. 
The tunnel walls and floors had been made broom clean by scrap- 
ing 4 months before. Where salt water is used in fire service, 
these same organisms have not only reduced carrying capacity of 
the line, but shells loosened by sudden rush of water due to fire 
demands have blocked valves, hydrants or other irregularities, 
and have completely shut off water supplies with disastrous re- 
sults. 

Similar difficulties have been encountered where salt water is 
used for displacement of gasoline or fuel oil from underground 
storage. 

Sea-going vessels in harbor waters of temperate climate and 
most tropical waters have had fire and flushing lines clog with 
marine growths. 

Growths, particularly of shelled organisms, continue to enlarge 
until their exposed area becomes so great that they are torn from 
their moorings on the pipe line and are swept into screens, tube 
sheets, or pumps. In one Gulf Coast refinery, Bryozoa so blocked 
the tube sheet of divided water-box condensers that the pressure 
from circulating-water pumps burst through the dividing wall 
and forced whole sections of the refinery “off stream.” 

When the lines or tunnels serving shell-and-tube or surface 
condensers become fouled with these organisms, additional 
difficulties are encountered. After the organisms break off or 
die, the shells float up with the circulating water. Many sea- 
board stations and some stations using river and lake water have 
had to shut down entire turbogenerator units two or three times 
a day to permit removal of shells that are blanketing the tube 
sheets. Some shells in these cases are sure to enter the tubes 
and cause high impingement velocities with attendant erosion and 
reduction in tube life (4). 

The presence of macroorganisms, as well as that of micro- 
organisms on the surface of metals, cause differential cells and 
attendant corrosion (5), particularly ‘of steel materials. Attacks 
on nonmetallic structural materials also occur (6). 


Mecuanics oF FOULING 


The exact mechanics of fouling have been studied to only a 
limited extent. Most of the work has been done on smooth 
metal or glass plates simulating conditions on a ship’s bottom. 
The first organisms to attach to a newly immersed plate are the 
unicellular capsulated bacteria, Fig. 5. Whether these organ- 
isms attach first merely because of their rapidity of growth, or 
whether they form a necessary footing for other larger organisms 
is not clear. 

Some “conditioning” of a surface has been thought necessary 
before fouling begins, even in the case of natural rock (7). This 
“conditioning” apparently consists of a roughening of the surface 
and possibly the elimination of the material being leached from 
the surface. 

After that period of “conditioning,” first one and later other 
organisms may become predominant (8). Eventually stable 
conditions result (9). 


Hisrory oF CONTROL 


Early recorded experimental work (10) covering control of 
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(The rack had been completely cleaned of all growth 2 months before this 
view was taken.) 


Fic. 3 *Pump-Suction Bett 1n Same Tunnew as Fic. 2, Wits 
LarGE Grows or MytiLus 


(These mussels are already large enough to blanket tube sheets if they break 
off in mats or to lodge in a tube if they break off as individuals.) 


fouling organisms in closed water circuits was begun when 
the consulting-engineering firm of Kennedy and Donkin was 
commissioned early in 1919, by the Electricity Committee of the 
Edinburgh Town Council to make recommendations regarding 
the control of marine growths in the circulating tunnel of the 
Portobello Generation Station, which was then in process of de- 
sign. 

The investigators studied various control methods which had 
been previously attempted. One private firm at the Leith Docks 
had attempted to control mussels by annual flushings with high 
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(The luxuriant growth of Tubularia crocea is 7 in. long and some of it has 
already dropped off and decomposed on the tunnel floor in the 4 months since 
the last cleaning.) 


Fig. 4 Cxrose-Up oF THE SAME Pump BE Lt As Fia. 3 
(The area at the right has had the mat of mussels torn off to show depth of 


growth. The hand merely indicates dimension.) 


concentrations of sulphuric acid. This control was partly success- 
ful but severe corrosion resulted. Others had attempted annual 
or semiannual cleanings of inlet pipes by use of tight-fitting balls 
and other cleaning implements being dragged through tunnels; 
but several pipe lines were severely damaged. At Portsmouth 
an electrically insulated pipe line had been freed to some extent 
of mussels by using electrical discharges between the pipe and a 
central electrode. 

Screening to prevent the entrance of small organisms, the use 
of various antifouling paints, and the use of various mechanical 
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cleaning methods, were considered and rejected as impractical. 
Chemical means were then attempted. 

It was found that sulphuric acid in concentrations of 1 part in 
10,000 was unsuccessful; that the larger mussels, after immersion 
in fresh water even for as long as 120 hr, were unaffected. 

Experiments were then tried with heated water. Mussels were 
removed from sea water at 69 F and placed in salt-water tanks 
which were gradually heated. Selective killing occurred above 
100 F during immersion periods of 25 to 50 min. All mussels 
failed to revive when returned to normal sea water, after immer- 

sion at 106 F for 22 to 63 min. 

Based on these experiments, it was recommended in 1921 that 
the Westbank Station of Portobello be built so as to permit 
the reversal of flow in the condenser cooling waters, and that that 
reversal be carried forward at about 4-week intervals. It was 
also recommended that during this reversal period, the circulat- 
ing water flow be throttled so as to increase the water temperature 
on the exit of the condenser to at least 110 F. 

Various other attempts were made in the succeeding decade to 
obtain satisfactory chemical methods of control. These were 
summarized by the British Electrical and Allied Industries Re- 
search Association (11) in 1929. Apparently based on ab- 
stracts, the author reported successful control of marine growths 
by use of chlorine. The major paper upon which the author 
relied (12) had merely suggested that since chlorination would 
kill slime-forming and other microorganisms, and since these 
organisms were the food for mussels, chlorination might control 
Mytilus edulis. No experimental work had been done and since 
we now know that Mytilus edulis does not require living organ- 
isms for food, the hypothesis was unsatisfactory. 

A German professor (13) has been widely quoted as reporting 
successful control of the fresh-water mussel Dreissenizdae poly- 
morpha in the flumes of a powerhouse on the Glambacksee near 
Berlin. His report in 1921 indicated that the larvae of this 
organism died in the laboratory under chlorine dosage but appar- 
ently no unchlorinated control was used. No plant-scale work 
had been carried out. Some confirming laboratory work was 
done in Germany in 1929 (14). Similar discussions of the use of 
chlorine were later published (15, 16). ; 

The first work in this field in the United States was started 
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under the direction of W. J. O’Connell. In 1924 experimental 
werk on intermittent treatment of condenser cooling water for 
the control of slime-forming microorganisms in cooling-water 
systems had begun in co-operation with Commonwealth Edison 
Company of Chicago, and the first plant-scale experiments of 
such intermittent treatment were tried at the Kearny Power 
Station of the Public Service Electric and Gas Company of New 
Jersey. The extension of this work to the control of marine 
growths was started in 1929, at the Northport Station of Long 
Island Lighting Company with the co-operation of L. H. Curley. 
The work there and at Corpus Christi indicated that it was 
possible, by intermittent chlorination, to eliminate completely 
the growths of the grasses and higher algae, and to reduce effec- 
tively the growth of bivalve forms. However, at that time 
eliminations of the order of 99 per cent were not attempted. 


TYPICAL ORGANISMS 


The life history, method of reproduction, food, responses to 
various unfavorable environments, and living habits of fouling 
organisms must be thoroughly understood before any intelligent 
plan can be suggested for their control. It is impossible to cover 
the wealth of material that is available about all the fouling 
organisms, but representative types can be discussed. However, 
before commercial installations are started, details regarding 
the organisms responsible for the particular fouling should be 
known. 

Luckily for the engineer interested in controlling such growths, 
very few of the approximately 822,000 invertebrate animals 
which have so far been described by the biologists, cause fouling 
difficulties. 


Tur Moniusca 


Of the fouling organisms, the members of the phylum Mollusca, 
which includes the snails and other single-shelled Gastropoda; 
and the clams, oysters, mussels, and other bivalve or two-shelled 
Lamellibranchiata are the most troublesome. Mytilus edulis, or 
the edible or black mussel, is probably the most common fouling 
mollusk throughout the world. This organism has been re- 
sponsible for most of the fouling difficulties in the British Isles 
and along the North Atlantic coast of the United States. The 
closely related Mytilus californianus has been responsible for 
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corner.) 
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much of the fouling difficulties which have occurred along the 
western coast of the United States. 

The black mussel (17) is familiar to all who have frequented 
any rocky coast of the northeastern United States. The shell is 
wedge-shaped, pointed in front and round behind; black or dark 
brown outside with indistinct circumferential growth rings 
around the shell. The interior of the shell is pearly with violet 
margins. Shells vary in length to a maximum of about 4in. Its 
life history is typical of many other of the fouling invertebrates 
(18). Other Mytilus have nearly identical life cycles. The 
sexes are separate, but one individual may be male one year and 
female the next. The eggs and sperm from near-by individuals 
are discharged almost simultaneously and the eggs are fertilized 
in the open water. The sperm has only limited range of locomo- 
tion (19). An average female discharges from 5,000,000 to 
12,000,000 eggs although a female 31/, in. long may release as 
many as 25,000,000 eggs. Cell division begins immediately after 
fertilization and is completed within 20 min. The first cilia begin 
developing at the end of 4 hr (based on 68 F sea-water tempera- 
ture), and at the end of 5 hr the embryo is completely free-swim- 
ming. 

Development continues and at the end of 24 hr the organism 
is a very active swimmer; and by the end of 40 hr the complete 
digestive tract and the glands for forming the shell are becoming 
evident. At the end of 44 hr the organism has attached to some 
stable hard material such as rock, concrete, glass, rubber, or 
similar solid support, and has begun to develop the first single 
shell. At the end of 69 hr the elementary single shell or prodis- 
soconch has completely enclosed the fleshy portions. The 
organism is still capable of rapid swimming and is able to crawl 
on solid surfaces, vertical walls, and the tops of horizontal tun- 
nels. Some time later the true bivalve shell or dissoconch de- 
velops. Contrary to popular belief, the organism, which is now 
attached by long clear threads, known as byssus threads, (20) is 
still capable of motion, and if conditions of poor feeding, inade- 
quate oxygen supply, or mechanical or chemical irritation de- 
velop, the organism will break the byssus threads from their 
point of attachment and crawl by a “foot”? which projects out of 
the shell near the hinge. Such “walking” is similar to the loco- 
motion of the familiar terrestrial snail. The mussel can also 
move by secreting new byssus threads and breaking off older ones. 

The greatest growth rate occurs when -the organism is com- 
pletely submerged at all times, although under natural conditions 
predatory fauna may reduce the number of organisms below the 
low-water line (21). 

Under normal conditions the adult Mytilus edulis will leave the 
shell open about 15 to 20 deg, the cilia on the mantle will vibrate 
rapidly and water containing food will be forced through the 
digestive tract. This flow of water amounts to about 10-20 gal 
per day in a specimen 2 in. long (22, 23) and seems to be constant, 
provided the organism is not irritated. This water circulation 
is called “‘drinking.”’ The rate of digestion, on the other hand, 
seems to vary with metabolism demands. The shell remains 
open about three quarters of the total time in a temperature 
range of 31 to 77 F (24) without any variation with temperature. 

As the water is circulated through the digestive tract any sus- 
pended solid matter adheres to the mucus surfaces. Digestive 
juices then digest such material as is usable for food, and this is 
assimilated. The balance is excreted as fecal pellets. By this 
process, mussels are capable of clearing cloudy and turbid water. 

The exact nature of the food requirements is still little known. 
It was originally believed that living microorganisms mostly 
diatoms and algae, Fig. 7, were required, and they undoubtedly 
make up a large part of the natural food (25, 26). Robinson (12) 
based his theory of killing of mussels on this postulate. However, 
more recent work has indicated that while organic matter is 
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necessary as food, decaying animal and vegetable material is as 
efficient as living organisms (27, 28, 29). It is known that 
domestic-sewage pollution, provided continuous anaerobic condi- 
tions are-not set up, encourages growth. 

Each species has its own preference as to conditions of light. 
The author has repeatedly placed Mytilus edulis and Modiolus 
modiolus in equal quantities in adjoining and connected cells, one 
light and the other dark. Marked migration of Mytilus edulis 
toward the dark and Modiolus toward the light is always noticed. 
Mytilus grows three times as fast in total darkness as in sunlight 
(30), although a weak light may be still more favorable. Opti- 
mum growth occurs at 50 to 68 F, and is seriously inhibited by 
heating for even a few minutes a day (31). 

If any unfavorable conditions develop or anything disturbs 
the organism, the shell will close within a fraction of a second and 
only after an extended period will the mussel open the shell 
slightly and “drink” very cautiously. This ability to close its 
shell tightly makes all adult Lamellibranchiata very difficult to con- 
trol. All mussels have a cushion pad which forces the shell open 
as soon as the adductor muscle is out or relaxed. Therefore a 
gaping shell can be considered as a sign of damage to the organ- 
ism. 

Pecten (scallops) (32) are not usually responsible for fouling, 
but Pectens latiauratus, which attaches with byssus thread re- 
duced an 18-in-diam cast-iron line serving a South Carolina 
power plant to 6 in. in about 12 months. 

The various fresh-water mussels have a life history similar to 
Mytilus edulis. However, important differences exist. Instead 
of releasing single-celled eggs, the adult female permits the eggs 
to be fertilized while still within the mantle, and free-swimming 
“glochidia” about 0.014 in. diam are released (33). A parasitic 
period on host fish is necessary before metamorphosis into shelled 
forms can take place. Dreisseniidae is limited in range to fresh 
or brackish water of less than 1 per cent salt content (34). 

Dreissenvidae is similar in appearance to Mytilus edulis but 
lacks the pearly shell interior. The organism is common in 
Germany, having been responsible for actually shutting down a 
power station on the Glambacksee with a 12-in-thick growth on 
tunnel walls (13). The American oyster (Ostrea virginica) is a 
common Mollusca responsible for severe fouling of power inlets on ~ 
our South Atlantic and Gulf coasts, where it is easily recognized 
by its rough shell and white interior. Its life history, together 
with that of its European cousin (Ostrea edulis) has been carefully 
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studied because of its importance in the culture of oysters for 
food. Its life history is similar to the edible mussel (35). How- 
ever, its spats are apparently considerably more delicate. The 
period of pelagic or larvae life varies from 13 to 17 days (86), de- 
pending upon temperature. The spat prefers a dark place to 
settle, and metamorphosis can be delayed by failure to find a 
suitable resting place (37). Spawning gan be stimulated out of 
season by raising the water temperatures from 82 to 86 F (88). 
It can be induced by the presence of eggs or sperm in the water, 
not only of its own specie but those of other mollusks, or by 
various chemicals (39). The season of normal spawning varies 
with location, being from April to June in some eastern United 
States waters and from July to August in others (40). In Den- 
mark it occurs from late May to mid July, while in Holland 
spawning occurs in September. 

The daily rate of growth varies with age of the organism and 
water temperature, but does not vary with the actual size of the 
organism (41). 


THE SPONGES 


The sponges (Portfera) are the simplest of the fouling macro- 
organisms. A “sponge,” as normally seen with the naked eye, is 
a colony of individuals with the large number of “‘pores’’ on the 
outer surface. Through these pores, water containing food ma- 
terial is circulated by flagella, and as it passes through the cloacal 
cavity, exposed cells absorb food material and transmit it to 
near-by cells. No truly “‘specialized” organs exist. 

Reproduction is by three separate and distinct methods, i.e., 
by budding, by the formation of gemmules, and by sexual meth- 
ods. 

Budding takes place within the organisms and results in a 
single “sponge” increasing in size or even dividing, but does not 
permit the formation of new groups at a distance from the pre- 
vious place of attachment. 

The formation of gemmules is similar to a formation of “spores’’ 
in microorganisms. A living cell migrates to the center of the 
colony and is covered with a capsule secreted by the adjoining 
cells. When unfavorable conditions of temperature (in fresh 
water lakes) or dryness (in tropical lakes) occur, these dormant 
forms resist those unfavorable conditions and upon the return of 
conditions conducive to development, burst the capsule and 
begin development of a new sponge. 

Sexual reproduction is in the main responsible for the develop- 
ment of new colonies. ‘Some sponges are hermaphroditic, 
others are unisexual. No special sexual organs are present, the 
ova and sperm deyeloping from ... the inner cells .... The 

. egg develops into a ciliated two-layered larva which swims 
actively about in the water, which finally attaches itself and, 
after metamorphosis, develops into the adult animal’’ (42). 

It is during the larva stage that the sponge is most vulnerable 
to attack by poisons. They are relatively sensitive to changes 
in pH (48). 


Tue Bryozoa 


The Bryozoa, or Polyzoa as they are called in England, are 
minute colonial animals that are often confused with seaweed and 
sponges both by the layman and the early naturalists. There 
are about 3000 marine species and 35 fresh-water species. Upon 
first examination, they may appear as red or white encrusting 
patches, as groups of dead sticklike organisms, brown or purple 
in color, projecting from a rock or as branched sticks with plumed 
ends (Plumatella). The familiar jelly balls in fresh-water lakes 
(Pectinatella) are also Bryozoa. 

Each colony or “‘zoarium”’ increases in size by budding. Sexual 
reproduction also takes place; the eggs and sperm being released 
into an inner cavity and developing to a larva stage there. The 
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larva are released either through special openings or by the death 
and disintegration of the parent. Other specie (notably the 
fresh water Plylactoloemata) are capable of forming “‘statoblasts’’ 
to resist unfavorable conditions similar to those developed by 
sponges. 

Statoblasts of Pectinatella magnifica can endure much drying 
but not absolute desiccation. They are not harmed by brief 
exposure to temperatures as low as 31 F and as high as 130 F; 
while the adult form or “‘polypids” survive only in a range of 
50 to 104 F (44). The statoblasts of fresh-water Bryozoa usually 
germinate at 62 to 66 F. These statoblasts not only provide a 
means of surviving unfavorable conditions, but also provide 
a ready form for transportation by wind and birds. 

Grave (45) has reported on the development of Bugula 
flabellata, one of the common Bryozoa on the New England 
coast. The breeding season at Woods Hole, Mass., extends from 
June 10 to November 15. The young are expelled from the 
colony as swimming embryos. After a free-swimming period of 
4 to 6 hr, the larva attaches, profound metamorphosis takes place 
involving the loss of some larva organs, and the colony begins 
development. At the end of a week the colony has increased by 
budding to 8 or 10 individuals, at the end of 2 weeks to 100 individ- 
uals, and by the end of a month the colony is half grown and has 
reached sexual maturity. Colonies 11/, to 13/4 in. diam are able 
to hibernate successfully and resume growth in early May. Even 
more rapid growth occurs in South Atlantic and Gulf Coast 
waters where the time from first infection to serious difficulty in 
industrial water circuits may be only a matter of weeks. Colonies 
of Bugula neritina grow as long as 4 in. at Beaufort, N. C. (46). 
Many fresh-water Bryozoa flourish in dark as well as light, and 
cause serious fouling in water mains (47). 


THE BARNACLES 


The barnacles are probably the best known of the fouling 
organisms, since they have been responsible for most of the 
serious fouling of ships’ bottoms. Because of their hard shell with 
several parts and because they seemed to “drink” like the 
mollusks, they were so classified by the early zoologist. J. V. 
Thompson in 1830 was the first to show definitely that they were 
Crustacea, closely related to the crayfish, lobster, and soft-shelled 
crab. Darwin (48) in 1850, made an extensive study of the 
group (49). 

Moore (50) on the Isle of Man and Grave at Woods Hole, 
Mass. (51), among others, have made extensive studies of the 
barnacles. They are mostly hermaphroditic but in a few cases 
are unisexual. Some species have a male form which is very tiny 
and lives parasitically within the shell of the female. 

The eggs (52) are held within the mantle cavity and the 
larvae are released as free-swimming forms after hatching. The 
“nauplei” changes form slightly with each moult into forms 
known as ‘“meta-nauplei,” and then metamorphoses into an en- 
tirely different type of organism known as the cypris larvae or 
the “cyprid.” This later stage lasts from 7 days for B. amphitri 
to two weeks for B. balanoides. During this stage the cyprid 
swims with a sudden backward motion of the appendages. The 
barnacles then settle down on a suitable place of attachment and 
begin to undergo a second metamorphosis and form a shell. 
Actually the organisms will make several attempts to find a. 
suitable place to attach and if the one selected is not satis- 
factory the barnacles will break away even after they have 
become partially attached. After finally reaching a suitable 
place, some small motion in an area of about 1/2 in. is still pos— 
sible (53). 

“Tn immature barnacles tissue growth continues throughout, 
the year but is most rapid in the spring and autumn. In mature: 
barnacles there is a sharp drop in growth rate during the summer 
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and a slight one during winter associated with the development 
of the larva.’’ In exposed places, below mean-tide level, the 
Chthamalus reach sexual maturity in the first year and die in 
their third year. In less exposed places, the organisms reach 
sexual maturity in their second year and die in their fifth year 
(54). 

The spat will choose its resting place partly on the basis of 
light intensity, apparently making a choice of optimum light, 
shying away from too bright and too dark places. The organism 
apparently can only distinguish light from dark areas. Light 
has also some control on growth (55, 56), and the adult organisms 
will close their shells when a shadow passes over them (57). 

Barnacles also react to changes in potassium (58), aleohol (59), 
carbon dioxide (60), calcium (61), salt-water dilution (62), strong 
electrolytes, urea, glucose, and glycerol (63). 


Tur TUNICATES 


The highest organisms responsible for fouling in industrial 
plants are the tunicates. They represent a “subphylum”’ of the 
phylum Chordata to which also belong the vertebrates including 
fish, mammals, and man. They derive the name from their thick, 
hard, cellulose coating and are one of the few animals capable of 
synthesizing cellulose. 

Of these, one of the most common is Molgula manhattensis. 
It consists of a brown sac with two distinct openings at the end of 
noticeable tubes. While the individual organisms are only about 
1 in. in diameter, they form large colonies which break off in 
mats from tunnel walls and often blanket tube sheets. It is also 
not uncommon, for example in the Kill Van Kull off Staten 
Island, for these mats to be broken off by wave action and block 
inlet screens and sometimes even bar racks. Related specimens 
with nearly clear tunics have been clogging powerhouse screens 
in Stamford, Conn., harbor. They are commonly called “squirt 
balls” because of the habit of ejecting water from their body 
cavity sometime after they have been lifted from water. 

The life history of the Molgula manhattensis has been carefully 
studied by Berrell (64). _ Eggs of about 0.006 in. diam are released 
in the water and fertilized there. The time taken from fertiliza- 
tion to hatching varies with temperature, being approximately 
120 hr at 46 F, and 40 hr at 62 F. The hatched egg yields a 
‘Holliwog” which is free-swimming with an active tail. The 
tunicates have a heart, elementary circulatory system, digestive 
tract, liver, a nerve cord, and a gangula which is an early form 
of the brain. After a period of 160 to 450 hr, which period de- 
pends on CO; content of water, salinity, pH, and temperature, 
the ‘“‘polliwog” attaches to rock, inlet tunnel or tube sheet, or 
other structure, with three sticky tentacles and begins a retro- 
gressive metamorphosis. Powers of locomotion are lost, the 
existing digestive tract disappears, and a new one begins to form 
on the remaining portion of the animal. 

Even this high animal can reproduce by ‘‘budding” and thus 
form extended colonies. In order to attain maximum efficiency 
in control of tunicates, control methods must be timed to attack 
the organism during the early active larvae stage or during early 
metamorphosis, before the larvae alimentary canal, through 
which both food and oxygen are absorbed, is eliminated from 
use. 

Al arge number of standard zoological texts, as well as special- 
ized books and articles, give further details on the life history of 
the fouling and related organisms. Pratt (42) is a good repre- 
sentative general text for identification of invertebrates; while 
Ward and Whipple (65) give more detailed treatment covering 
the fresh-water organism. 

A good recent review of the reactions of invertebrates to stimuli 
has been published by Warden, Jenkins, and Warner (66). 
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CONTROL METHODS 


Numerous methods have been suggested for preventing the 
settling of larva forms and the killing of adult forms of fouling 
organisms. Among them are the following: 


1 Heating the water. 

Increasing or decreasing salinity of the water. 
Creating anaerobic conditions in the water. 
Increasing water velocity in tunnels. 
Poisoning with acids. 

Antifouling paints. 

Screening the tunnel entrance. 

Poisoning with miscellaneous poisons. 
Poisoning with chlorine. 


to 


CONDO WwW 


Any theory of killing or method of control is only as valuable 
as it can be proved in actual practice at plant scale. Heat, in- 
creased velocity, surface treatment, acid, and chlorine are the 
only methods that have been put into practice on a large scale. 

In selecting a particular method of operation, it is well to bear 
in mind the factors to be considered. While there will be differ- 
ences of opinion as to the relative importance of these various 
factors, most designers will wish to consider them all. 


1 The method should not materially increase the operating 
cost of the plant. Too often in evaluating the various methods 
involved, designers are likely to decide against one particular 
method, because of a direct cost of operation and decide upon an- 
other that disproportionately increases pumpage costs or lowers 
the general efficiency of the plant. 


2 The method should have lowest possible first cost consist- 
ent with low operating cost. Particular care should be taken in 
evaluating cost of special equipment for control of marine 
growths compared with increased cost of general plant equipment 
to make possible other methods of control. 

3 The method should assure that no organism can grow to a 
size that will be detrimental to plant equipment, and a method 
should be available for recovering control of the growth if, for 
any reason, the treatment method must be interrupted. 


4 The method should permit operation of the pian’ at full 
capacity without interruption. 


ContTROL By HEat 


The earliest method of control used on plant scale was heating 
circulating water.” One power station throttled the circulating- 
water flow until the desired heat balance was obtained. The 
amount of heating required is dependent upon the normal average 
temperature and normal range of temperatures of the water in 
which the organism has grown. 

Without reporting initial temperature of the water from which 
the organisms were removed, Henderson (67) found that by rais- 
ing water temperature gradually and removing specimens to 
cooler water for recovery, the lethal temperatures for various 
mollusks were Leda tenuisulcata, 88.7 F; Cardium boreulis, Con- 
rad, 88.9 F; Modiolaria discors, Beek 89.4; Saxicava rugosa, 
Tamaich, 91. 0 F; Crenella glandula, ne 91.0 F; Cardiwm 
amen, Gourad 91.8 F; Astarte undata, Gould, 92.4 F; 
Pandora trilineata, Say, 92.4 F; Modiolaria nigra, Loven, 94.2 F; 
Yoldia sapotilla, Simpson, 94.7 F; Zirpoea crispate, Gray, 92.4 F; 
Mactra solidissoma, Chemnitz, 98.6 F; Mya arenaria, Linne, 105 
F; Mytilus edulis, Linne, 105.4 F; Nacoma fusca, Atoms, 108.2 
F; Venus mercenaria, Linne, 113. 3 F; 
Lister, 119.3 F. ; 

It is interesting to note that Tubularia in water above 68 or 
70 F, remains dormant, although it is able to recover when held 
for 3 days at 65 F (46, 68). In Scotland successful: control of 


and Ostrea virginica, 
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Mytilus edulis on plant scale has been obtained by heating the 
circulating water to 120 F. 

The cost of operating such a system can be extremely high. 
Assuming that a power station with initial steam conditions of 
400 psi and 500 F, and capacity of 25,000 kw is fully loaded, and 
assuming that the circulating-water temperature must be raised 
from 65 to 120 F, the fuel cost alone due to the corresponding loss 
in vacuum for a 2-hr period will amount to approximately 40 
tons or, computed at $2 a ton, $80. The load capacity of the 
plant is, of course, at the same time reduced. 

In addition, increasing the temperature of the condenser may 
cause leaking ferrules and other leaks due to uneven expansion of 
tubes and tube sheets. Any operator who has experienced a 
failure of condenser water supply will appreciate this problem. 

The cost of the initial installation of such a heating system for 
a steam power plant will also be higher than other methods of 
marine-growth control. This can be readily appreciated when it 
is realized that the entire circulating-water system, and particu- 
larly the pumps must be designed for reverse flow. For plants 
not having waste heat available, the cost of such heating would 
be prohibitive. 


ConTROL BY CHANGES OF SALINITY 


Fresh water has been used as a means of eliminating marine 
growth from fouled surfaces since ancient times. Early mariners 
ran their vessels up fresh-water streams to loosen the ship’s foul- 
ing load. - 

Most marine organisms are adversely affected by reductions of 
salinity, but the absolute value that will support life varies with 
the species, the salinity of environment from which they are re- 
moved (69), and the rate at which the change in salinity occurs. 
Because of the number of variables, it is difficult to correlate 
various experimental results. Sudden reductions to 30 per cent 
of normal salinity have been found to be fatal to Mytilus (70). 
Ostrea virginana will not fatten below 20 per cent salinity (71). 
The critical salinity for maintaining life and for growth varies 
from individual to individual within a given specie (72). 

Most fresh-water invertebrates die in salt concentrations above 
5 grams per liter NaCl (73) but Physa heterostropha have been 
known to live actively in 25 per cent sea water if the concen- 
tration is slowly increased to that figure (74). Contrary to the 
average tendency, the oyster drill grows to a larger size in brack- 
ish water than in salt water (75). Increase or decrease of sal- 
inity from that of normal sea water acts as an anesthetic, causes 
loss of sense of balance in the motile organisms and paralysis of 
the motor systems (76, 77). 

Practical applications of this method for control of growths in 
industrial-plant water circuits are difficult, unless brackish 
streams varying in salinity with rainfall are readily available. 
Unfortunately even for plants with such streams available the 
problem is not fully solved for all the fouling organisms are not 
as sensitive as those just mentioned, and some will thrive under 
conditions of widely varying salinity. 

Plants on such brackish streams are faced with another prob- 
lem which is acute along the St. Johns and Hillsboro Rivers in 
Florida. Spring rains almost invariably change these streams 
from brackish to fresh water. The mussels and barnacles which 
have set in the circulating-water tunnels are killed, and the shells 
and debris of the dead organisms float up and clog pipe lines and 
blanket tube sheets. No operator having tube sheets badly 
clogged with shells will say that natural variation of salinity is a 
cure for his marine-growth problems! 


Conrrou BY CREATING ANAEROBIC CONDITIONS IN WATER 


The reduction of oxygen content of the water below certain 
critical levels will eliminate many organisms. The exact value of 
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dissolved oxygen which will support life varies with species. All 


fish and most of the invertebrates require free dissolved oxygen. 
At least one of the contributing causes of death of oysters in 
water heavily polluted with paper-mill waste has been the re- 
duction of oxygen content (78, 79). 

However, no practical means are available to remove oxygen 
from industrial-water circuits. The gross pollution which has 
been so common in some of our tidal streams has effectively done 
this in certain areas; but the disagreeable odors and prevention 
of recreational use of the streams are too high a price to pay for 
elimination of fouling organisms (80, 81). As pollution of 
streams is reduced with improved waste treatment, these anaero- 
bie conditions will be eliminated. This trend will probably be 
greatly accelerated in the near future, both by governmental 
pressure to eliminate such public health hazards and by the 
realization by industry that many valuable products may be 
recovered by proper treatment of their industrial wastes. Even 
in streams having completely anaerobic conditions certain 
mollusks are still able to survive. Mya arenaria (82), Sazxido- 
mus gigantea (83), and various others (84) have been shown: to be 
capable of acting as facultative anaerobes. By this is meant 
that they are capable of obtaining energy by the breakdown of 
organic matter without use of oxygen. 

It has not yet been conclusively demonstrated whether the 
Mollusca can continuously live under these circumstances, or 
whether they must be subjected at regular intervals or at stated 
times in their metamorphosis to aerobic conditions. 

Sewage pollution will also encourage certain seaweed growth 
such as sea lettuce (Ulva latissima) (85), which also often blocks 
screens and tube sheets. 


ContTROL BY INCREASING VELOCITY 


Where high velocities in the line can be obtained without unduly 
increasing the cost of pumping, such increased velocities may be 
used for the control of aquatic growths. The author has ob- 
served that surface velocities in excess of 1 fps minimize the set 
of mussel and barnacle larvae on smooth metal surfaces. How- 
ever, very much higher average velocities must be attained to 
arrive at surface velocities of 1 fps on rough surfaces; such as, 
cast-iron pipe and concrete tunnel walls. Mytilus, which have 
already formed bivalve shells have been successfully removed by 
increasing the water velocity in cast-iron pipes to 131/2 fps for a 
period of 1 hr each week. However, such a means of eliminating 
marine growths is practical only where catch basins or strainers 
can be economically installed to eliminate the debris before it 
reaches critical equipment; such as condensers and pumps. 
The idea of high-velocity flushing is definitely practical for 
application in small plants. However, in large installations, 
particularly where large circulating- and cooling-water flows are 
required, the cost of pumps to attain these velocities, and the cost 
of power to operate them at the higher friction losses make the 
method economically impractical. 


Controu WirxH Acips 


The shifting of pH of the water was one of the earliest methods 
of control of fouling organisms attempted. .Plant-scale experi- 
ments were carried out with partial success as early as 1915. 
Extensive studies of the effect of lowered pH on various mollusks 
were later carried out by Prytherch (86, 87) who was searching 
for an easier method of opening oysters to expedite commercial 
shucking. The natural pH of sea water and its buffer capacity 
varies slightly from place to place in the open sea (88) and varies 
considerably where industrial pollution is present. Fig. 8 is a 
typical curve of a buffer capacity of sea water, as measured by 
glass-electrode titration of samples taken in the open sea off the 
New Jersey coast. | 


pH MEASURED BY GLASS ELECTRODE 


PPM ACID ADDED 
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(The curves remain flat at pH 9.9 until all calcium carbonate has been pre- 
cipitated.) 


It has been found that maintenance of pH between 2 and 5 
depending upon the organism, and for periods varying from 1 to 3 
hours will anesthetize the average Lamellibranchia and cause 
the shell to open sufficiently wide to permit insertion of a knife. 
Considerably longer periods are required actually to kill the 
organism. Corrosion, at these pH values, particularly of brass 
condenser tubes, is serious. As will be noted from the curve, 150 
ppm acid is required to obtain a pH of 3. Translated to plant 
scale on a 25,000-kw electric generation station, it would require 
5625 |b of 60-deg Bé sulphuric acid for a 3-hr period. Computed 
at current prices of $1.25 per ewt, that would amount to $70 per 
day of treatment. Corresponding increase in cost would, of 
course, occur in larger plants. Lower concentrations are useless. 
Ritchie (10) found that 10 ppm of sulphuric acid in water had no 
effect on mussels after submergence for 240 hr, 


Conrrou Wire ANTIFOULING PAINTS AND SURFACES 


A large amount of carefully detailed experimental work and 
large-scale tests have been carried out by the United States and 
British navies and by various laboratories and paint manu- 
facturers in an attempt to discover antifouling paints and sur- 
faces for ships’ bottoms, Literally thousands of patents have been 
issued covering various surface treatments to prevent the accumu- 
lation of fouling organisms. Paints containing as wide a variety 
of materials as mercurials, arsenicals, silicates, lead, copper, zinc, 
strychnine, cyanides, phenols, creosote, resins, asphalt, hair, 
guano, asafetida, and cow dung have been suggested (89). A 
smooth surface, while it will discourage fouling, will not prevent, 
it, for even a smooth plate-glass panel will foul. Some authors 
(90) have suggested that paints can be compounded so as to 
slough off at high rates and take the load of fouling organisms 
with it. However, the required rates are high enough to make 
the method impractical. 

Copper and copper-bearing paints have been found to be the 
most efficient antifouling materials, and recent exhaustive tests 
(91) have indicated that the antifouling properties of copper- 
bearing paints are directly related to the leaching rate of the 
metallic copper. Means of making laboratory determinations 
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of leaching rates which correlate with fouling determinations 
have been devised (91). 

Antifouling paints, which necessarily leach out material and 
become porous, should never be used to prevent corrosion. 
Protective primers of known corrosion-preventative ability should 
always be used under antifouling finishes. 

All antifouling finishes eventually lose their efficiency; most 
of them after a single season. In long cast-iron pipe lines and 
on cement tunnel surfaces, the surfaces are too rough to make the 
use of paint economical. This is particularly true in plants 
where dewatering once a season for the renewal of the painted 
surface would be extremely expensive, as well as creating a hard- 
ship due to the required plant shutdown. On ships’ bottoms 
and other metal surfaces which must be painted at regular inter- 
vals to prevent corrosion, it is the best method of preventing 
fouling yet devised. 


Con’TROL BY SCREENING 


Water inlets of all power stations and other large users of in- 
dustrial water are screened. However, to have a screen fine 
enough to catch the larvae forms of the fouling organisms, which 
are less than 1/9) in. at early stages of development, is totally 
impractical. Any sereen which would catch such organisms 
would quickly clog with microbiological accumulations, and 
unless made of corrosion-resistant material, would soon become 
permanently blocked with corrosion products. 


Porsonina Wirn Active Poisons 


Various active poisons have been suggested as controls for 
marine growths. Cyanide has been suggested but has been re- 
jected because of extreme danger to human life. 

Some plants have used coal oil, gas-oil drip, kerosene, creosote, 
and similar oily products for control. Sections of the circulating- 
water tunnels between high and low tide become coated with 
these materials and become unsatisfactory places of attachment 
for fouling organisms. Some control is thereby obtained but no 
control is effected below the low-water line. Any method using 
a poison which is not dissipated, or consumed by mixing with 
other sea water, is dangerous in that it is likely to kill near-by 
oyster and clam beds and to cause public-health hazards at 
near-by beaches. Release of such poisgns could well become the 
subject for damage suits and injunctive relief by the owners of 
proprietary oyster beds near the industrial plant using such 
poisons. Also, in almost all cases the cost of these poisons at the 
required dosage are prohibitive. 

Other chemicals are useful in the control of particular organ- 
isms. For instance, quicklime spread over oyster beds at the 
rate of 400 lb per acre will kill starfish without affecting the 
oysters. This material burns the soft flesh of the starfish and 
causes lesions that fail to heal (92). ’ 

A patent (93) has been issued covering the use of cyanide in 
conjunction with chlorine for freeing a ship’s bottom of fouling 
organisms. 


ContTROL BY CHLORINATION 


Chlorine is the most economical and widely used means of 
controlling fouling organisms in both salt- and fresh-water cir- 
culating systems. It has proved successful in many plants 
throughout the world. A few plants have experimented with 
chlorine and have failed to achieve control. These failures have 
occurred because of lack of appreciation of the need of proper 
residuals (i.e., active chlorine left in the water), proper treatment 
periods, proper variations of treatment with breeding periods, 
and proper control and distribution of chlorine in the circulating 
water, 

Marly experiments using chlorine have already been detailed. 
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Power stations scattered along the Atlantic coast from Massa- 
chusetts around the tip of Florida and as far along the Gulf coast 
as Corpus Christi have chlorinated successfully. The organisms 
thus controlled have covered a wide range of species. 

Cursory details of English experience (94) and the installation 
at the United States Naval Air Station at Quonset Point, R. I. 
(95), have already been published. 

It has been reported that successful control of Mytilus edulis 
has also been obtained with chlorine at the Corporation Power 
Station at Belfast and Dublin, Ireland, and Brighton and South- 
ampton, England. 

Early attempts using chlorine were based on continuous 
chlorination. Later short intermittent treatments were found 
unsuccessful. We have now found that properly spaced inter- 
mittent-treatment schedules are more economical than continuous 
treatment and are completely satisfactory. It will be remem- 
bered that all fouling organisms have a spat or larvae stage during 
their sexual reproduction and that infections in new areas can 
begin only by the ingress of such larvae. Therefore if the larvae 
can be killed at regular intervals, before they have completed 
metamorphosis, no new fouling will occur. In this the design 
‘engineer is fortunate, for most organisms during metamorphosis 
have a higher metabolism than at any other time in their lives 
and therefore are more vulnerable to poisoning. 

It is obvious that if chlorination is carried out periodically so as 
to kill all the larvae in the tunnel, and is then repeated before any 
new larvae that enter the tunnel after treatment stops have 
had time for complete metamorphosis, complete control will be 
established. Such a statement is, however, an oversimplifica- 
tion of the problem. It is always possible, and will occasionally 
occur, that some larvae will arrive in the tunnel in an advanced 
stage of development and will complete metamorphosis almost 
immediately. When it is realized that a normal fouled shore 
line may contain a thousand million barnacles per mile and that 
these will release a million million larvae, or that a single Mytilus 
edulis may release as high as 25,000,000 eggs, it will be realized 
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that only a very small percentage of the larvae need escape to 
cause serious difficulty. 

A distinction should be drawn between complete prevention 
of fouling and substantial reduction or control of fouling. In all 
cases where fouling must be completely prevented, continuous 
chlorination during the fouling season must be used. However, 
where control only is required, intermittent chlorination may be 
used more economically. 

In those cases where intermittent preventative treatment is to 
be used the lines should be purged by continuous treatment for 
short periods at regular intervals. Glass flanges should be in- 
serted in pipe lines or test blocks should be inserted into tunnels 
and observations made at weekly intervals. As soon as the 
residual fouling that is not being prevented by the intermittent 
treatment, reaches the point where the organisms threaten to 
cause plant operating difficulty, then a corrective treatment 
should be instituted. This treatment will consist of chlorination 
at higher residuals and for longer periods than the preventative 
treatment. The reason for this longer period is obvious, since 
all of the Lamellibranchia are capable of closing and remaining 
closed for long periods. Chlorination periods must be extended 
until the organisms are forced to open their shells to obtain food 
or oxygen. 

Observations by the author on experimental troughs set up at 
the inlet slip of the power station of the New York, New Haven, 
and Hartford Railroad at Cos Cob, Conn., through the courtesy 
of Mr. Sidney Withington, Mr. E. F. French, and Mr. John 
Coolidge, will illustrate the method of killing adult organisms. 
A large group of shelled Mytilus edulis of varying size was re- 
moved from the piers near the site of the experiment and placed 
in untreated wooden troughs with fresh sea water continuously 
circulated through the troughs. Time was allowed for the organ- 
isms to become acclimatized and no treatment was begun until 
all specimens were fully attached by byssus threads. Chlorina- 
tion was then begun in different troughs at levels sufficient to 
yield 2.5, 5, and 10 ppm chlorine residuals. 

Fig. 9 illustrates the rate of 
detachment and rate of killing of 
these adult organisms. It will 
be noted that the mussels break 
their byssus threads and at- 
tempt to migrate to more favora- 
ble environments before chlori- 
nation actually killsthem. Wiall- 
ing, in this case, is defined as 
reaching a state such that when 
the organism is removed to clear 
fresh sea water it does not re- 
cover and in a few hours or days 
it has opened its shell and ac- 
tual decomposition has begun. 

Most larvae, as contrasted 
with adult forms of fouling or- 
ganisms, are killed by chlorine 
residuals of 0.5 ppm applied con- 
tinuously. This has been con- 
firmed by experiments at vari- 
ous places along the Atlantic 
Coast from Massachusetts to 
Florida. However, on one plant 
scale operation in Virginia 0.5 
to 0.6 ppm chlorine residuals 
maintained continuously failed 
to control mussels and barnacles. 

In another case, an electric 
plantin New England chlorinated 
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during one season at 0.5 ppm chlorine residuals on schedules of 
20 min each, six times per day, and obtained complete slime con- 
trol on condenser tubes, but showed no noticeable reduction in 
their annual accumulation of 600 cu ft of mussel and barnacle 
shells. The following season the same plant chlorinated at 
residuals of 0.7 ppm on a schedule of two 1-hr periods per day. 
The accumulation that year was 25 cu ft. Further reduction 
could have been effected. 

In June, 1944, the plant of the Montaup Electric Company in 
Somerset, Mass., removed 20 tons of growth from its tunnels. 
This was considered a normal annual accumulation. Chlorina- 
tion was started in January, 1945, and examination in June, 
1945, showed less than !/2 ton of fouling-organism accumulation. 
Observation indicated that most of this had accumulated prior 
to the beginning of treatment. Because of physical variations 
among different plants with regard to water-circulating tunnels 
and the piping arrangements, as well as predominating fouling 
organisms, these experimental results and previous plant ex- 
periences should be used as a basis of design in other plants 
only with extreme caution. 5 

Care should also be taken in instituting plant scale operations. 
For instance, in the beginning of treatment of a circulating-water 
system that has been in use for some time, a large quantity of 
organisms, usually sufficient to block tube sheets, and often suffi- 
cient to cause serious damage to circulating-water pumps, will 
be released if curative treatment is immediately applied. To 
prevent this, chlorine residuals should be held at low levels and 
chlorination should be short at the beginning, gradually lengthen- 
ing as less and less fouling organisms remain in the tunnel. 

In the preventative treatment, extreme care must be taken 
that the regularity of intermittent schedule be uninterrupted. 
The author inspected one tunnel that had been under treatment. 
Because of failure to obtain chlorine in the required time, the 
plant had been without treatment for 4 days. No continuous 
curative treatment was attempted to fill in the deficit. Three 
months later a full 11/2 in. thickness of Pecten of nearly uniform 
size had developed. During the 2 years following when no in- 
terruption in treatment occurred, no fouling was found. 

The chlorination of salt water carried in steel lines has certain 
distinct difficulties. If continuous treatment is used, the slime 
film which ordinarily would inhibit salt-water attack on the line 
is completely removed and corrosion is aggravated. Cases have 
been observed in which 1/,-in-thick scales have developed on 
steel lines within a few months. However, if corrosion-resistant 
alloy or cast-iron lines are used so that the natural aggressive 
action of salt water is minimized, chlorination will prevent 
bacteriological corrosion (96, 97, 98) and thus materially increase 
metal life. Where the water is naturally aggressive and the use 
of steel lines is indicated, intermitteat chlorination, which will 
permit the reformation of protective slime films during idle 
periods, will minimize salt-water corrosion and yet maintain 
macroorganism control and also heat-transfer efficiency. Where 
the water is not naturally aggressive, such as is normally the 
case in fresh-water lines, continuous chlorination at properly 
controlled residuals will reduce rather than increase corrosion 
rates. ° 

The means of applying chlorine to large circulating-water flows 
should be carefully considered. Chlorine is only slightly soluble 
in fresh water and is still less soluble in salt water. For this 
reason special apparatus for obtaining completely dissolved 
chlorine in water solution must be provided. In order to obtain 
marine-growth control in large tunnels and pipe lines, the chlorine 
solution must be evenly distributed through the circulating- 
water flow. Unless wide experience is available as to the type of 
flow that will be found in screen wells and suction chambers, it 
is likely that a point of application and means of diffusion will be 
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selected which will completely free one area of serious growth and 
permit uncontrolled growth in other areas. It also should be 
remembered that while chlorine in the low concentrations re- 
quired for the killing of these organisms is not corrosive to 
normal materials of construction, it is highly corrosive in higher 
concentration and particularly if released as a gas. Therefore, 
if adequate mixing and dilution are not provided local areas of 
high concentration may severely corrode pump bells, impellers, 
and casings. 

The chlorination of circulating water will have no adverse 
effect on oyster or clam beds lying off shore nor on near-by 
bathing. beaches. This can be readily appreciated when it is 
realized that the ‘‘chlorine demand”’ of normal sea water is such 
that the mixing of chlorinated water with an equal volume of sea 
water will eliminate or materially reduce the residual chlorine so 
as to be no longer toxic to oyster beds. The residuals carried 
approximate those used in swimming pools, and therefore if 
pH is maintained as it will be by the natural buffer capacity of 
sea water, beneficial rather than harmful effects would occur from 
swimming directly in the discharge water. 

Throughout this discussion the term ‘chlorine residual” has 
been used to indicate a free chlorine residual or active HOCI as 
contrasted to a bound or chloramine residual, where the chlorine is 
bound by reaction with ammonia or amino compounds. Recent 
work (99, 100, 101) has indicated the wide difference between the 
killing power of chlorine and chloramine residuals. Chloramine 
residuals have distinct use for specific purposes since they are 
more stable in the presence of organic matter. They are there- 
fore highly useful for the sterilization of swimming-pool water, 
and stock and pulp systems in paper mills. However, where 
ammonia content is not high, and this is true in most applications 
where marine fouling by macroorganisms is a problem, the use of 
free chlorine is recommended. Unfortunately, even if no am- 
monia is added, chloramine residuals often still occur because of 
the high ammonia and amino-nitrogen content of water which 
has been subjected to organic pollution. In those cases a ques- 
tion arises as to whether it is more economical to use ‘‘Break 
Point” chlorination and remove the ammonia, or to take the 
longer killing periods and higher required residuals of the chlor- 
amine. The determination as to whether a particular water with 
a particular chlorine dosage and contact period is yielding a 
chlorine or chloramine residual can easily be determined by the 
Laux-Nickel test (102, 103) or by titration with arsenite (104). 

Chlorination should be carried out only at the higher residuals 
necessary to kill macroorganisms in their larvae form during 
those periods when the larvae are in the water. Naturally, most 
industries will desire to chlorinate at lower residuals during the 
remainder of the year to prevent formation of microorganic slime 
and thereby maintain heat-transfer efficiency (105). 

The cost of marine fouling control with chlorine can usually be 
economically justified. A 25,000-kw station will usually be able 
to achieve control for about $3.50 per day during the fouling 
season. More than this amount will be saved due to improved 
vacuum as well as reduction in cleaning cost and outage resulting 
from marine fouling. 

The time of year during which fouling will occur and rate of 
fouling will be dependent upon the fouling organism responsible 
for the difficulty, upon the water temperature, and upon the 
particular season. Seasonal variations are in turn dependent 
upon whether a large or small group of adult organisms suc- 
ceeded in establishing themselves in the near-by waters during 
the previous reproductive periods, and whether these organisms 
survive to the next breeding time. Conditions of tide, particu- 
larly as it affects water temperature, will also influence fouling 
periods and rates. These factors are too numerous and varied 
to permit accurate forecasting. To obtain this type of informa- 
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the factors to be considered. While results obtained from such 
test blocks cannot be used to forecast particular conditions at a 
station unless those tests are taken from the circulating flow of 
that particular station, some of the published results may be of 
interest (46). Fig. 10 indicates the fouling periods at widely 
seattered points. 

In shipping or storing specimens for later examination, they 
may best be preserved by draining surplus water from them and 
placing in sealed bottles containing 98 per cent alcohol. 


DESIGNING FOR FOULING CONDITIONS 


In the design of new plants using fresh or tidal water likely to 
foul, two questions must be answered: (a) What will be the ex- 
tent and nature of the fouling organism? (b) What design steps 
must be taken to overcome them? 

Often forecasts of fouling conditions have been made, based 
on studies of test panels or of fouling on logs, piers, rocks, and 
structures near the site of a proposed plant, or on studies of foul- 
ing conditions at an adjoining plant. 

Such forecasting is extremely dangerous and should never be 
relied upon. Industrial water supplies taken from large bodies 
of water usually afford ideal conditions for invertebrate growth 
in their screen chambers, pump-suction wells, supply pipes, and 
flumes. 

The sessile organisms naturally dependent upon water motion 
to carry their food to them will thrive and grow at rates unpre- 
cedented on the previous shore line. This is naturally due to 
water velocities usually in the range of !/19 to 2 fps. Differentials 
of growth rates as high as 3 to 1 have, for instance, been recorded 
for barnacles in wave-swept waters as compared with barnacles 
living in comparatively still tidal water. Still faster rates of 
growth have been noted in industrial tunnels. Where the water 
taken by the industrial plant is used for cooling an additional 
factor which cannot be forecast is introduced. The enormous 
heat output in cooling water from a large power station or refinery 
is often sufficient to shift the over-all temperature of the body of 
water as much as 15 deg F. This shift in water temperature may 
be enough to encourage year-round growth and reproduction of 
an organism that has previously been dormant a large part 
of the year, or may permit overwintering and luxurious growth of 
some organism which has been previously subject to seasonal 
extermination. 

A good example of this occurred in the Southwest during the 
war. A new plant was to be erected on tidal water and take its 
cooling-water flow from a brackish stream only a few hundred 
feet from the inlet of an existing oil refinery. Design engineers, 
basing their judgment upon the fact that the existing plant had 
experienced no difficulty, and upon a belief, based upon rather 
limited experience, that no organism could thrive in varying salt- 
content water, provided no protection from fouling. Luxuriant 
Bryozoa growth shut down the plant before a single year of opera- 
tion had been completed. 

For another example, there are two power stations in Rhode 
Island whose cooling-water inlets are a city block apart. Negli- 
gible differences exist between the plants in so far as salinity, 
water temperature, sewage pollution, and other normal factors 
are concerned. The plant upstream from the sea has had severe 
fouling with Mytilus edulis; the one nearer the sea has had none. 
The difference probably exists in variations in river bottoms. 
Some plants have experienced severe fouling recently after a 
period of comparative freedom, probably due to changes in in- 
dustrial and domestic pollution in their water source. 

It should be realized that even though conditions are known to 
be unfavorable to the fouling organisms that exist near the 
proposed plant site, these same conditions of salinity, tempera- 
ture, and pollution may encourage luxurious growth of some 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1946 


other organism, not now native, when changed water flow and 
temperature due to the new operations occur. 

It is only sound engineering to design as though fouling will 
occur. Satisfactory design will require that all portions of the sys- 
tem be accessible for inspection and manual cleaning; and prefer- 
ably be capable of being readily dewatered; but such manual 
cleaning should be considered only as an emergency measure. 
From the standpoint of efficiency, of continuity of operation, and 
of cost of cleaning, control methods as previously discussed are 
more satisfactory than manual cleaning. Designing with, such 
contro] methods in mind from the very inception of plans will 
often substantially reduce corrective construction and operating 
costs. 
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Discussion 


S. P. Ewrna.* This paper is an excellent condensation of the 
extensive and scattered information on fouling organisms as re- 
lated to circulatory salt-water systems, and the Bibliography will 
be helpful to those who wish to learn more about this interesting 
subject. The paper is another example of the economic and en- 
gineering value of pure science. Certainly the engineer cannot 
expect to deal effectively with the fouling problem unless he uses 
the knowledge of the marine biologist. 

There is little that the writer can add to the subject of the 
paper. But it might be worth while to mention a few other in- 
stances where the engineer must deal with fouling organisms, 
and show how in each case the problem is an economic or engi- 
neering problem where the marine biologist could contribute to 
the solution. 

The salt-water piping system on ships is similar to the shore 
cooling system. The fouling problem is in some respects more 
important because the piping is designed for relatively high ve- 
locities, the pipes are relatively small so that comparatively little 
fouling may greatly reduce the capacity. On combat ships, 
failure of the piping at a critical time might result in loss of the 
ship. Hence it is not sufficient to be able to remove the fouling 
at intervals. The piping and also the hull must be kept free of 
fouling at all timeS because nearly perfect performance at all 
times is essential. It is impossible to design and operate the 
ship’s piping so that the water velocity exceeds the minimum re- 
quired to prevent fouling. Nor is it possible to close completely 
parts of the system at regular intervals, and thus kill small 
attached organisms by suffocation. The use of chlorine or other 
poisonous chemicals is objectionable on combat ships because’ 
of space limitations and the added hazard of these materials in 
case of battle damage. 

The possibilities thus seem to be limited to the use of (1) copper 
alloys which will prevent fouling, (2) antifouling paints on the 
interior of the pipes, and (3) chlorine generated electrolytically 
from sea water. One might think that with a large power plant 
available, it would be a simple matter to produce enough chlorine 
from the electrolytic decomposition of sea water to prevent foul- 
ing in salt-water pipes. The work that has been done by the 
Bureau of Ships and the experience on ships indicates that the 
best solution is to use copper-nickel pipes, which corrode enough 
to prevent fouling for at least 1 year and then use antifouling 
paint or abrade the interior of the pipe so as to restore its anti- 
fouling characteristics. With steel pipes, the best solution is the 
use of antifouling paint. 

Another well-known instance where marine organisms inter- 
fere with the activities of man is the damage to wooden structures 
caused by marine borers. Here the best defense is to treat the 
wood so that these organisms are discouraged from boring in it, 
or to cover it with a material which the borers cannot penetrate. 
The method used since ancient times to prevent attack on wooden 
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vessels has been to cover the underwater hull with sheet copper. 
This method was used extensi@ly on early steel and iron vessels. 
An elaborate and expensive system of wooden sheathing was used 
between the copper and steel to control the galvanic couple and 
thus prevent rapid corrosion of the steel. 

There are numerous types of structures where fouling in itself 
is not particularly objectionable. For example, fouling on a 
wooden pier does not interfere with the proper functioning of the 
pier, so long as the organisms do not penetrate the wood and 
weaken it. Fouling on steel piers, lock gates, buoys, submarine 
nets, and submerged pipe lines is not particularly objectionable 
so long as the organisms do not penetrate the organic protective 
coating and cause corrosion of the steel. On lock gates, buoys, 
and submarine nets, the added weight may affect buoyancy be- 
cause the shells are heavier than the water. However, the effect 
on buoyancy is only about 1/,; of the total weight in air of the 
fouling growth, 

It is well known that when certain barnacles grow on rela- 
tively soft bituminous materials and some paints, the shell of the 
barnacle gradually penetrates the organic material so that after 
the barnacle reaches its full growth its shell is in intimate contact 
with the steel over nearly the entire area of its base. Serious cor- 
rosion of the metal often occurs in this area, especially if the 
electrical conditions are favorable for corrosion. This situation 
has occurred on lock gates and submerged pipe lines. Other un- 
identified marine organisms are reported to attack asphalt coat- 
ings in a somewhat similar manner. 

There are several possible ways to prevent damage to the 
coated metal. An antifouling paint might be applied over the 
bituminous coating, but this will be effective for only a limited 
time, since most antifouling paints lose their effectiveness in less 
than one year. Tests may show that a sufficiently hard coating 
will prevent penetration. This is certainly the case with barn- 
acles. A sufficient amount of hard mineral filler in the bitumen 
may be an effective means for discouraging other types of boring 
or digging animals. If the attack of the marine organisms on the 
coating is rather slow, and only a few holes are made in a rela- 
tively long period, the use of cathodic protection to prevent corro- 
sion at the holes in the coating may be the most economical solu- 
tion. Each case will have to be studied in order to arrive at the 
most effective and economical solution; and the solution will 
probably require identification of the culprit, and a knowledge of 
its life history. 


L. W. Hurcurns.‘ This paper fills a gap in the literature of 
fouling problems. The engineer is presented with an introduc- 
tion to some of the complex biology involved in the fouling of 
water circuits, and, indeed, of any fouling. On the other hand, 
the biologist is offered an excellent review of the practical prob- 
lems from the engineer’s standpoint. The number of new observa- 
tions recorded and the extensive review of the practical litera- 
ture, which generally does not come to the attention of biologists, 
are particularly worthy of praise. 

The author has pointed out very well the extent to which the 
solution of engineering problems must depend on competent 
biological knowledge. His remarks on the inadequacies of foul- 
ing control by screening, on the possible variations of control by 
heat, and in particular, the variable dosages of chlorine which 
must be adjusted both to the types of organisms present and the 
stages of their life histories are good cases in point. 

It happens not infrequently that biologists are not able to give 
the best possible consulting advice about fouling problems 
simply from ignorance of the practical aspects of the situation. 
This situation can be alleviated by papers such as this which 
present both sides of the picture. 


4 Woods Hole Oceanographic Institution, Woods Hole, Mass. 
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Cases have come to the writer’s attention in which plants and 
designers have refused to allow dissemination of the factual in- 
formation about the. fouling problems they have encountered, 
in the rather naive belief that the occurrence of fouling in their 
setup was a reflection on the abilities of the operator or designer. 
That view is quite incorrect. 

The only sound procedure, as the author points out, is to design 
with the expectation—a practical certainty—that fouling will 
occur, and to make suitable provisions accordingly for inspec- 
tions, cleanouts, and, if desired, attempted control. The failure 
of any intended control system, moreover, does not necessarily 
reflect on the engineer, but as often as not, on the inadequacies 
of the biological knowledge concerning his problem. 

Improvement in this general subject can be obtained only by a 
thorough understanding of both points of view so that the biolo- 
gist can know the lines which his investigations should follow, 
and the engineer can have a true picture of the information avail- 
able for application in designing and operating control measures 

The need for more exact biological knowledge has become in- 
creasingly clear along two lines. In so far as the economical 
use of control measures must involve their quantitative relation 
to the incidence of fouling, it is obviously desirable to know as 
fully as possible the fouling expectancy and the effects of factors 
modifying it. The particular fouling population which will 
develop in a highly localized site appears to depend on the 
natural populations to which that site is accessible. In harbors 
and other such locations generally of interest to industry this 
question of accessibility appears to be highly complicated. The 
set of local currents may profoundly alter the probable accessi- 
bility as judged by simple geography. Pollution, which may be 
either somewhat beneficial or detrimental to the growth of indivi- 
dual species, depending upon its nature and extent, is another 
factor believed to be of very great importance in such areas. Far 
too little is known, however, about the effects of individual con- 
taminants to permit predicting localized harbor fouling conditions 
with any assurance. There is a need for further facts about all 
such factors modifying the incidence of fouling. 

The second line along which further exploration is indicated is 
that of the knowledge of toxicity and factors which may be util- 
ized in control of fouling. The investigations of possible toxics 
other than chlorine and heavy metals can hardly be said to have 
been prosecuted with any vigor. Knowledge is inadequate even 
as to possibilities, particularly in the line of organic toxics. 
Similarly, with reference to chlorination, it would seem worth 
while to investigate much more thoroughly than has been done 
the problem of control by intermittent treatment. Even with 
the intermittent applications now in use, the cost appears suffi- 
ciently high so that possible savings would more than justify 
considerable research aimed at the reduction in chlorine usage. 
This is a problem in which the biologist must go first, studying 
the effects of various concentrations and of various time dosages 
on a wide variety of organisms and attempting thereby to de- 
velop generalizations which can be put into practice by the engi- 
neer. J 

The writer feels that the greatest importance of the paper is as 
an aid to the further profitable co-operation between professional 
biologists and engineers. 


F. L. LaQue.’ On the basis of some of our investigations in 
related fields, the writer is able to confirm some of the author’s 
conclusions: 

1 We have found that when sufficient chlorine is used to pre- 
vent the,development of slime films, as well as fouling organisms, 
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corrosion of steel pipe lines by sea water moving at high velocity is 
increased, presumably through the loss of the protective effect of 
slime films and accumulations of macroorganisms. At the same 
time, there has been some evidence that small amounts of chlorine 
in sea water retard rather than accelerate corrosion of some non- 
ferrous alloys, such as Admiralty brass and 70:30 cupro-nickel, 
perhaps through some reinforcement of protective films. Like- 
wise, the prevention of fouling and perhaps, also, a slight increase 
in the oxidizing capacity of sea water due to the presence of a 
small amount of chlorine, have been found to exert a beneficial 
effect on the performance of stainless steels. 

2 Our observations generally confirm those of the author 
with respect to the influence of water velocity on the fouling of 
smooth surfaces. We have found that macroorganisms are not 
likely to become attached at steady flow rates much above about 
3 fps, but once attached during periods of lower velocity flow, 
they may be able to retain a foothold and grow in contact with 
water moving at much higher velocities, e.g., 10 fps. 

3 Examinations of many specimens of steel covered with 
fouling organisms after exposure to sea water have failed to indi- 
cate any significant effect of the organisms in accelerating corro- 
sion through differential cell action as suggested by the author. 
However, with highly alloyed steels, such as stainless steels and 
other passive alloys, local attack believed to be due to differential 
cell action under fouling organisms is common. 

Since the possible effects of chlorination on corrosion of equip- 
ment are of natural concern to those contemplating the use of 
chlorine to prevent fouling, it is hoped that more extensive in- 
vestigations of this phase of the subject, and particularly with 
respect to intermittent chlorination, will be made and that the 
results will be made available. 


8. T. Powrtu.§ The author has given an excellent history of 
methods undertaken for the control of biological microorganisms 
responsible for fouling condensers and similar equipment. In 
addition to this valuable record, he has presented a very clear 
and concise discussion of the specific types of organisms which 
have been responsible for such difficulties and has submitted a 
constructive review of miscellaneous corrective treatments and 
their application. The paper also includes one of the most com- 
plete bibliographies which has been published, and this ma- 
terial alone is an invaluable contribution to this subject. 

That portion of the paper dealing with ‘‘control by chlorina- 
tion” is a concise statement of the value and limitation of this 
type of treatment and should correct many misconceptions as to 
the application of chlorination. 

In general, the paper is a worth-while contribution to the litera- 
ture and represents an authoritative reference work with a high 
degree of reliability. 


Lester RANDALL.” The writer in support of the facts given 
in the paper is able to provide some results obtained at the power 
station of The Connecticut Power Company, Stamford, Conn. 

The Stamford station has grown from the early days of the 
industry so that when an additional unit of 25,000 kw capacity 
was installed in 1940-1941, a complete new intake system for this 
unit was necessary. The circulating pumps are propeller type, 
located in the screen house 9n the waterfront. The intake tunnels 
are two 36-in. cast-iron pipe lines from the pumps to the con- 
denser, one line to each side of the divided water box. The com- 
bined length of the two lines is 262 ft. 

Circulating pumps for the old portion of the plant are of the 
submerged slow-speed centrifugal type, located in another screen 
house also on the water front. The intake tunnel for the old 
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plant is also 36-in. cast-iron pipe but laid out as a loop, like a 
hairpin, with the two ends connedted through valves to a header 
located near the pumps. Take-offs to the condensers are on one 
leg of the hairpin so that in effect there is a cooling-water header 
supplying the old condensers, this header being fed from both 
ends. Division valves make it possible to inspect sections of this 
line while other sections are still operating. The whole length 
of this loop, including leads to condensers, is 680 ft, but only 570 
ft are in active use, the remaining section being connected to units 
not regularly operated, and because of a closed division valve 
very little water circulates through it. 

The new unit was put in service during October, 1941. Inter- 
mittent chlorine treatment was started in January, 1942, for this 
unit and in April for the old part of the station. Prior to this 
time no method of controlling intake fouling had been used. 
Heavy growths occurred in the pipes and had to be scraped out at 
least twice a year. The fouling included all sorts of marine ani- 
mals but mussels predominated. 

The new plant has operated as a base-load unit, being shut 
down over a week end every 6 to 8 weeks for inspections and 
maintenance. The old plant seldom operates over a week end ~ 
and when shut down no chlorine is fed, although a small amount 
of water is kept circulating through the lines. 

Circulating water is taken from the harbor, an arm of Long 
Island Sound. Normal water velocities during the summer in 
the several pipes are 5 fps for the new plant; 6 fps for a 325-ft 
section of the old intake piping; and 7.5 fps for another 240 ft. 

Until July 20, 1942, the program for chlorination was three 
20-min periods per 24 hr, at which time the treatment was in- 
creased to four 20-min periods. The following year, 1943, the 
program was changed to two periods of 60 min each 24 hr, This 
was started May 12, 1943, and has been in effect most of the time 
since. 

Residuals have been carried at 0.5 ppm, except during July, 
August, and September, when it has been kept slightly higher, 
from 0.55 to 0.65 and occasionally, for short periods, to 0.7 ppm. 
Samples for residual determination are taken from the condenser 
outlet in the new plant and condenser inlet in the old plant. 

Results have been gratifying. Considering the old plant only, 
the 1942 program of three and four 20-min chlorinating periods 
per 24 hr reduced the total amount of material to be removed 
manually by 50 per cent. The two 60-min periods per 24 hr has 
reduced it by more than 95 per cent when compared with condi- 
tions before chlorine treatment. 

Results for the new plant are even more interesting. From 
October, 1941, to August 12, 1945, nearly 4 years, a total of 10.5 
cu ft of material, all mussels, has been removed from the 262 ft of 
36-in. pipe and 8-in. suction lines to the cooling-water booster 
pumps. One half of this total was taken out the first year, 
1942, when using the 20-min chlorinating period. Probably an 
important reason for the small amount this first year was the 
smooth condition of the pipe surfaces, which had been given a 
shop coat of bitumastic paint. 

Prior to chlorine treatment, it was regular operating practice 
during parts of the year to drain half a condenser at night and 
pick out the mussels and shells that were wedged in the ends of 
tubes. Sometimes it was necessary to do it during the noon 
hour. This operation has been completely eliminated. Rubber 
plugs are blown through all condenser tubes every 4 weeks to 
remove such shells as do lodge in the tubes and might cause fail- 
ures. 

The cost of chlorination for the combined plant is 15 tons of 
chlorine per year; generation for the same time is up to 300,000,- 
000 kwhr. : 

Considerable time has been given to studying mussels. The 
beginning and duration of the spawning season and the rate of 
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growth are important considerations. Four years of observation 
has pretty well determined that with the present chlorine treat- 
ment, mussels will not begin to appear in the pipes until July 1. 
It has also been determined that if the pipes are cleaned after 
October 15, they will remain free of any growth except a scatter- 
ing of barnacles, for the following 8 months. For removing such 
mussels as do get started two cleanings are made, the first about 
August 20, the second about October 20, Using this schedule, 
mussels that may get started are removed before they get large 
enough to crowd each other loose from the pipe surface and be 
carried along by the current. ; 

These results apply to Stamford station. Other stations must 
determine the treatment best suited for their particular condi- 
tions. Some of the factors to consider are nature of tunnel sur- 
faces; velocity of water; size of tunnels; continuity of service 
and chlorine treatment; nature of fouling organisms. 

The author suggests installation of glass inspection plates or 
hanging test pieces in tunnels. The writer considers that method 
unreliable, especially for salt-water plants. 

In the old plant, during the summer of 1945, a solid blanket of 
mussels covering 8 ft of 36-in. pipe became established in a section 
between a condenser take-off and a closed division valve. Also 
a good-sized patch started in the 24-in. connection at one side of 
one of the old condensers. Why these patches start in an other- 
wise clean pipe is difficult to explain. In the new plant, water 
for the turbine coolers (hydrogen and lubricating oil) is taken 
through 8 -in. suction lines to two 750-gpm booster pumps, one on 
each main intake pipe. One pump is operated at a time for 
l-week intervals. Each summer, mussels completely blanket 
the insides of these suction lines. Also, in the new plant mussels 
completely filled the crease in the reinforced rubber expansion 
joints just below the water boxes. 

So far only intake pipes have been mentioned. The pump 
and screen wells do collect growths on the walls. This is due to a 
design that does not give good mixing of chlorine with the water 
in the wells. Chlorine feed pipes are placed just in Tront of the 
pump suction, between the pump and the screen, so the chlorine 
passes directly to the pump and into the pipes. 

Chlorine has eliminated all non-shell-bearing animals, slimes, 
etc., and nearly all mussels from the circulating-water piping. 
However, barnacles do not seem to be affected, in fact it would 
seem they like the clean surfaces. In the old-plant intake lines 
they will nearly cover the surface by midsummer. They are hard 
to scrape off but because they are so securely fastened to the pipe 
walls and are so small, they are not a hazard in operation of the 
plant. 


' W. D. Bisseuy.8 At the time the chlorination system was in- 
stalled at Montaup Electric Company one of the condensers had 
been completely retubed the previous year and another condenser 
was completely retubed at the time the treatment was started. 

The selection of sampling points for observation and control 
was carefully considered and these were located at the discharge 
elbow of the circulating pumps, each condenser discharge elbow, 
half the distance along the pump discharge tunnel where house 
service pumps are located, and also at the combined discharge of 
all condensers. 

As the tunnel system was known to have considerable growth, 
extreme care was used when treatment was first started in Feb- 
ruary, 1945, in order to observe the sluffing-off of this growth. A 
thirty-minute cycle per day was used for about two weeks main- 
taining a residual of 0.3 ppm at the condenser outlet. The cy- 
cle was then changed to fifteen minutes of treatment three times 
daily and the residual was increased to 0.5 ppm, where it has 


8 Engineer, Somerset, Station Montaup Electric Company, Fall 
River, Mass. 
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been maintained since. No diffculty was experienced from ac- 
cumulated growth dropping off during the initial cleaning period. 

It was interesting to observe, during the difficulty which was 
experienced maintaining chlorine residual during the first month 
of treatment, that the discharges of the pumps would vary in 
chlorine residual from day to day. This variation leveled off 
later so that each pump discharge would indicate the same resi- 
dual. 

It is believed that this variation was due to the uneven de- 
posits in the pump suction and the gradual cleaning of them re- 
sulted in the leveling off of residual at all pumps. 

The greatest demand of chlorine was along the distance from 
the river intake screens to the pump discharges which was three 
or four times greater than through the condensers from the inlet 
to the outlet. Due to having sampling points at these import- 
ant locations close observation could easily be obtained. The 
results were accurately logged which was of great assistance in 
maintaining machine control'and residual control. 

When the water temperature reached about 45 deg in the spring 
of the year the chlorine demand. increased very rapidly until 50 
deg was reached. From that time to 75 deg, chlorine demand 
was observed to be quite normal. During the period of warm 
water operation at temperatures of from 68 deg to 80 deg, an in- 
teresting changeable condition would occur in the foam on the 
surface of the condenser discharge water. This would be very 
dark brown for a few days at a time and would then change to a 
light yellow and the chlorine demand would change rapidly. 

The control of chlorination was obtained by results as indicated 
on the condenser tubes, sheets, inlet and discharge water boxes, 
at regular frequent inspections. When chlorination was first 
started the growth of so-called moss and marine growth was 
about 3/3 in. thick on the internal surfaces of the water boxes with 
some adhering to the tube sheets. After several weeks of treat- 
ment this could be easily removed by rubbing with the hand. In 
about three months this growth was completely removed and the 
surfaces could be coated with red lead. 

Previous to chlorination the condensers were rather foul- 
smelling and it was extremely difficult for men to make repairs or 
to stay in them any length of time. Extended periods of working 
in a condenser would make a man ill. Since chlorination has 
been used the condensers have not been odorous to any extent, 
and are not objectionable for men to remain inside for extended 
periods to make any necessary repairs. 

The purpose of using chlorination was to remove slime deposits 
on the heating surfaces chiefly. Mussels in the intake tunnel 
were of considerable nuisance and also would collect in various 
station salt-water lines and valves which caused considerable 
trouble in the past. 

Chlorination has completely removed the slime and reduced 
the mussel growth so that it is negligible. The station water 
lines have been free from any growth or deposits and it has not 
been necessary to clean cooler surfaces, etc. Previous to chlorina- 
tion such conditions as described in Figs. 2, 3, and 6 were usually 
found when the tunnel was dewatered. 

The use of chlorination has been quite satisfactory in keeping 
the condensers and the condenser water system clean and we feel 
that good results have been obtained. However, some points 
have been raised such as the following: 


1 In keeping condenser tubes free from slime and any or- 
ganic growth by the use of chlorination, will this permit corrosive 
action caused from oxygen or any corrosive gases in the circu- 
lating water to attack the condenser tubes, which may shorten 
their life? 

2 (a) Does the type of bacteria change at different seasons 
of the year? (b) Do they change at different temperatures? (c) 
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Is it usual to have chlorine demands change rapidly from causes 
such as mentioned above? 

3 In the process of first applying chlorination will chlorine 
demands change rapidly in initial cleaning periods? 

4 Do river-bed deposits change gradually from year to year, 
thereby affecting the type of growth and gases in the water which 
may result in changes in the chlorine demand? 

5 (a) Is it considered advisable to discontinue chlorination 
during the winter period when temperatures are at 33 deg or 
thereabouts? (b) Should the chlorine cycle be reduced in fre- 
quency? (c) Should the chlorination residual also be reduced? 

6 If marine growth and fouling organisms vary from season 
to season at various temperatures, is not the best means of con- 
trol obtained from observation of results which can actually be a 
guide for correct residuals, thereby obtaining positive control? 

7 Since variable conditions of the tide are observed to have 
an effect on the chlorine residual, can this be explained? 


AUTHOR’s CLOSURE 


The author wishes to express his appreciation to the various 
discussors for their thoughtful and well-prepared contributions. 
The discussions papers by W. D. Bissell and L. E. Randall are 
interesting in that they present the viewpoint of the problems 
as seen by the operating man. 

Mr. Bissell has pointed out a familiar observation that the 
chlorine demand, as indicated by the difference between chlorine 
dosage in the screen well and chlorine residual in the tailpipe, is 
made up of two parts: (1) The demand of the water itself during 
the time of contact permitted, and (2) the demand or absorption 
of chlorine by the surface accumulations on the tunnels and heat- 
exchanger tubes. Naturally, when large accumulations exist in 
a concrete tunnel, considerable chlorine will be absorbed by this 
organic matter until such time as it has been completely oxidized, 
and in most cases, has completely sloughed off. Mr. Bissell has 
raised certain specific questions which the writer will attempt to 
answer. The question as to whether the chlorination of condenser 
tubes and the resultant bright tube condition will permit the ag- 
gressive action of salt water, of dissolved gases, and of other corro- 
sive fluids to increase the corrosion rate of these tubes over the 
corrosion rate existing in slime-covered tubes is a subject which 
will still bear considerable investigation. Mr. LaQue, in his dis- 
cussion of this paper, seems to feel that such accelerated corrosion 
does not exist, and that, in fact, the elimination of the slime film 
and macroorganism fouling will retard the corrosion of nonferrous 
metals. Further research should be carried out in this field; but 
suffice to say, from a practical viewpoint, corrosion rates of in- 
stalled tubes have never been demonstrated to have been in- 
creased by chlorination. A few cases are on record where the 
tube corrosion rate increased simultaneously with: the use of 
chlorine for elimination of slime accumulations, but in all cases 
where the chlorine was abandoned for a period, the increased cor- 
rosion rate continued unabated. 

The type of bacteria and other slime-forming organisms re- 
sponsible for heat-exchanger sliming do not vary in terms of the 
season. However, the type of organism present at any time is 
dependent upon water temperature, upon food supply, and upon 
other factors such as oxygen content in the water. Since these 
factors, in turn, have seasonal variations, it is possible that spe- 
cific flora will be more regularly found at certain seasons of the 
year. Certain microorganisms multiply very rapidly at specific 
temperatures, but are in practically static conditions in all but a 
very narrow range of temperature. Certain others are tolerant to 
much wider temperature conditions, and will thrive throughout 
the temperature range of normal circulating-water conditions. 
Mr. Bissell has outlined in his own discussion a very clear demon- 
stration of the high chlorine demand of fouled surfaces during 


TRANSACTIONS OF THE A.S.M.E. 


APRIL, 1946 


the initial clean-up period of a circulating water system. His 
experience is quite typical of the conditions in a normal circulat- 
ing-water tunnel. F 

The variations of river bottom do not have a particular effect 
upon the growth of microorganisms in circulating water. In 
most cases these organisms exist free-floating in the water, and 
unless the river bottom is contributing changes of water condi- 
tions, such as oxygen depletion or hydrogen sulphide production, 
the condition of the river bottom will not seriously affect the 
growth of microorganisms on heat-exchanger surfaces. How- 
ever, the macroorganisms, such as mussels, have only a limited 
field of locomotion between the point of fertilization of the egg 
and final point of attachment of the larva animal. For this 
reason, an invasion of mud over a rocky bottom, which quite 
frequently occurs in tidal water, may well eliminate the breeding 
grounds and ultimately the source of infection for macroorgan- 
isms for a given tunnel. 

The question as to what changes of treatment should be made 
as water temperatures approach freezing is one that can be an- 
swered only after a study of the particular problem. Itshould be 
remembered, however, that temperature at which the organism 
is breeding is not the temperature of the water, but rather the 
surface temperature of heat-exchanger metal, and for this reason, 
even at 32 deg water temperature there may be lively growth of 
the microorganism. As a practical matter, chlorination should 
be continued at residuals sufficiently high, properly spaced, and 
of sufficient duration to kill the flora attached to the flume, con- 
denser, or other surfaces. 

The answer to Mr. Bissell’s sixth question is again a matter of 
practical application of biological facts. If a station could af- 
ford to have continuous studies by an experienced biologist to 
determine when the spat form of each organism is present in the 
water, then residuals and dosage periods could easily be varied in 
accordance with season and water-temperature conditions, so as to 
yield maximum economies of chlorine use. But the average 
plant finds it much easier to feed chlorine at residuals sufficiently 
high to kill the spat form of the macroorganisms during the en- 
tire period when water temperature is sufficiently high, or sea- 
sonal advance is sufficiently completed to warrant a belief that 
some of the fouling organisms may be breeding. 

Variations of chlorine demand with tidal conditions is quite - 
common. The common condition of a polluted stream moving 
into a relatively clear estuary will yield high chlorine demands 
during periods of ebb-tide, due to the preponderance of river 
water and low chlorine demands while the tide is in flood due to 
the preponderance of sea water. In any particular harbor the 
question of what mixing will occur at various tides can become 
extremely complex. J 

Mr. Randall’s report is an excerpt from the data which he has 
accumulated during the past six years. These experiments are 
the most carefully controlled and fully observed plant-scale 
demonstrations of the control of fouling organisms by chlorina- 
tion known to the writer. I hope that Mr. Randall will publish 
his very carefully detailed data in the near future. His experi- 
ences have indicated some of the pitfalls which may well trap the 
unwary operator attempting chlorination for the elimination of 
fouling organisms. No plant which is circulating any salt water 
should permit that salt water to circulate for a period of more 
than twelve hours without treatment. Mr. Randall’s difficulty 
with his dead-ends in the old station is typical of the problems 
which will occur if this precaution is not taken. In the placing 
of test panels or plate-glass windows in circulating-water tunnels, 
the place chosen for test must be representative of conditions 
throughout the entire station, and if any doubt exists as to - 
whether the place chosen is representative, spot checks through- 
out the system should be made. The control of barnacles re-- 


DOBSON—CONTROL OF FOULING ORGANISMS IN FRESH- AND SALT WATER CIRCUITS 


quires slightly higher residuals than those required for the killing 
of other fouling organisms, and therefore unless barnacles are 
giving trouble it is uneconomical to chlorinate at these higher 
residuals. : 

In the cleaning up of fouled tunnels either when starting to 
control fouling in existing tunnel, or in the cleaning of a tunnel 
which has been under treatment and which has been permitted 
to foul to a limited extent by “preventative treatment’? recom- 
mended in the original paper, there is always a question of the 
economy as to whether chlorination or manual cleaning should 
be used. In all cases where plant shutdown and dewatering 
is readily possible and access to the tunnel can be made with- 
out undue expense, it would seem advisable to choose manual 
cleaning. Under other circumstances chlorination might easily 
be the answer. 

Dr. Ewing’s discussion of problems related to the fouling of cir- 


culating-water systems has been very valuable in rounding out . 


the view of the subject. The writer has had some contact with 
the design work involved in the production of chlorine cells for 
use on board fighting ships. Certainly considerably more im- 
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provement of those cells, and improvement of the antifouling 
materials for lining the ships’ pipes is in order. Such develop- 
ment can best be carried on by the co-operation of all interested 
parties. 

Dr. Hutchins’ discussion of this problem from the viewpoint of 
the biologist will warrant careful study by the designing engineer. 
His warnings of the unpredictability of fouling in tidal waters 
should be a warning to all designers faced with this problem. His 
plea for effective co-operation between the professional biologist 
and the engineer will, I hope, encourage further publications by 
operating men and designers who have experienced difficulty in 
this field. 

Mr, LaQue’s authoritative discussion on corrosion is much 
appreciated. It is the writer’s hope that further work along these 
lines will be undertaken within the near future. 

All the discussors have been kind enough to point to the gray- 
ity of the problem of fouling organisms to circulating-water 
systems, and the writer trusts that these discussions will lead to a 
fuller appreciation of the problem and careful consideration by the 
designers in the planning of future circulating-water tunnels. 
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Discussion 


In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Committee on Publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 
paper. , 


Irreversibility in the Theoretical 
Regenerative Steam Cycle’ 


G. M. DusinsBerre.? To future workers on this subject the 
writer recommends the analysis based on 1 lb throttle steam as 
used by the author. This seems more straightforward than to 
base on | lb through steam. 

The author’s Fig. 5 is a concise way of presenting the data on 
thiscycle. Butifaneed really exists for data on the properties of 
this cycle, the writer feels that neither heat-rate tables nor the 
entropy-increase diagram is adequate, for two reasons: (1) 
Reheat cannot be handled except in a roundabout manner, as 
the author points out. (2) This ideal cycle is based on net 
work, that is, turbine work less feed-pump work. The practical 
use of the data would probably be in the study of high pressures 
where pump work is relatively large. Since there is no necessary 
relation between turbine and pump efficiencies, the application 
of any sort of efficiency factor to the ideal heat rate at least 
makes the fourth significant figure look a little foolish. 

The writer concludes that the most useful form in which the 
data could be presented is (a) to use the divided cycle proposed 
by Markson,’ and (b) to tabulate or plot the turbine work, pump 
work, and through steam, for 1 lb throttle steam: The corre- 
sponding heat items are readily obtained from the steam tables. 

If the pump work is required, the author’s integration is not 
directly useful as we need values of (1 — w) for S (1 — w)ydp. 
T; 


if 
venient than the function used by Selvey and Knowlton,‘ as the 


curvature is less. 

When data are in graphical form, such as an indicator card, the 
logical method of integration is to use a planimeter, and not to 
pick off points for numerical integration. But when the data are 
in numerical form, as in the present case, it is equally more logical 
to use some method of numerical integration rather than to intro- 
duce the extra step of plotting a curve. 


To get these, the writer has found that ds, ismore con- 


H. G. Exrop, Jr.5 A completely accurate alternative to the 
author’s Equation [6] can be obtained readily in the following 
manner. 


1 By R. E. Hansen, published in the October, 1945, issue of Trans 
A.S.M.E., vol. 67, pp. 557-560. 

2 Department of Mechanical Engineering, Virginia Polytechnic 
Institute, Blacksburg, Va.; now on duty at U. S. Naval Academy, 
Annapolis, Md. Mem. A.S.M.E. 

3 Discussion by A. A. Markson of “Theoretical Regenerative- 
Steam-Cycle Heat Rates,” by A. M. Selvey and P. H. Knowlton, 
Trans. A.S.M.E., vol. 66, 1944, pp. 504-505. 

4 Selvey and Knowlton, reference (3) of the paper.} 

5’ Department of Marine Engineering, U. 8S. Naval Academy, 
Annapolis, Md. Jun. A.S.M.E. 


Consider a regenerative cycle ABCX ZfA in the author’s Fig. 1. 
When 1 Jb of throttle steam is circulated in this cycle, (1 — w) 
(s, — s;) units of entropy are rejected by the system, and (s, — s,) 
entropy units are received. The net entropy increase of both 
the system and its surroundings is given by 


INS) =" (00 —— a) Ge i) = (GP ar on ana ao {1] 


The variation of AS with exhaust conditions is found by differ- 
entiating Equation [1] of this discussion 


d( AS) qd 


w)ds, — (s, 


Using the author’s Equation [3] (corrected to include a minus 
sign), we obtain 


d(AS) = —(1 — w) E = a den dnies? [3] 


Substituting the: value of (1 — w) from Equation [1] into Equa- 
tion [3] of this discussion, we find 


d( AS) 1 r, 
Se Ae =— = 
Soa So at AS nts, a? age ES ea 


ds... [4] 


The left-hand side of Equation [4] is directly integrable. The 
right-hand side may be evaluated in the manner illustrated by the 
author. 

A comparison of Equation [4] with the author’s Equation [6] 
shows that the author’s approximation amounts to the assump- 
tion that n(1 + 2) = x. Using Equation [4], we obtain for the 
example cited by the author 


n(i +; = ="(QUP Ss op coos adaann Wl 


or 
AS = 0.5425 x 0.02922 = 0.01585.......... (6] 


The corresponding heat rate is 6000, which more closely agrees 
with the accurate value of 6001.2 computed by Shapiro.® 


Ernest L. Ropryson.? When the writer first became interested 
in this subject, there were great gains to be made in station per- 
formance. In 1923 he published curves for the efficiency of the 
extraction cycle which extended up to 1000 psi and 700 F, pres- 
sures and temperatures far beyond anything in use at that time.® 
The extraction cycle is now commonplace with steam conditions 
far above those. The gains looked forward to 20 years ago have 
been more than realized, and modern discussions are largely con- 
fined to the technique of calculation. 

The writer has always believed that the best technique of cal- 
culation is to formulate the difference from some precisely known 
relationship and then to calculate that difference with care. 


6 Discussion by A. H. Shapiro, of ‘‘Theoretical Regenerative- 
Steam-Cycle Heat Rates,’ Trans. A.S.M.E., vol. 66, 1944, p. 508. 

7 Turbine Engineering Department, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 

8 The Margins of Possible Improvement in the Central Station 
Steam Plant,’ by Ernest L. Robinson, Trans. A.S.M.E., vol. 45, 1923, 
p. 644. | 


267 


268 


Mr. Hansen has selected the Carnot cycle for his precisely known 
relationship and has proceeded to formulate the departure of the 
extraction cycle from perfect reversibility when superheated 
steam is bled. 

This is an excellent method to pursue, as it enables attention to 
be focused on the magnitude of the departure itself, and thus 
the errors of calculation become errors of the second order of 
smallness. 

The author takes advantage of this to introduce as an ap- 
proximation the assumption that the weight flow throughout the 
cycle is in inverse proportion to the entropy difference between 
steam and feedwater. The close check with the Selvey and 
Knowlton tabular values justifies the assumption. 

However, since the author uses graphic integration anyway, 
it does not seem to the writer as if it would complicate his calcula- 
tion if the correct expression for weight flow were used. When 
the writer first set down this expression, he used w to represent 
the weight flow of extracted steam per pound to the condenser. 
Thus the weight flow in the turbine per pound to the condenser is 


Lom] 


1l+we=e 


In evaluating the integral for high pressures it would be de- 
sirable, as Selvey and Knowlton pointed out, to allow for the feed- 


pump work, 
hy __ dp 
Jah 
hg H—h si 


Thus 

The author uses w to represent the weight flow of extracted 
steam per pound to the throttle. Thus, using his notation, the 
weight flow in the turbine per pound at the throttle is 


1 
Sa Tas 
sS -H—h 
€ 


In conclusion the writer would like once more to call attention 
to the advantage of weight-flow curves in extraction-cycle analy- 
sis. Especially with reference to a fixed exhaust pressure, such 
as 1 in. Hg, they may be drawn on the Mollier chart as character- 
istic lines per pound to the condenser for any stage efficiency. 
With the weight flow throughout the cycle known, performance is 
easily computed from cycle input and output. This technique is 
particularly useful for actual efficiencies other than 100 per cent.° 


l+twe=e 


1—w= 


Ascurer H,. SHaprro. The relation between Equations [2], 
(5), and [7] of this paper, and the first and second laws of thermo- 
dynamics is most obscure, due, it is felt, to the only too common 
practice of not clearly defining the system under consideration. 
What mass of material, for example, does the dS of Equation [2] 
refer to? Analysis indicates that it is the increase in entropy in 
an infinitesimal heater per unit of throttle flow. Referring to 
Fig. 1 of this discussion, we get for the increase in entropy flux of 
an infinitesimal open heater. 


ASreater = (1 — w + dw)s, — s,dw — (s, — ds,)(1 — w) 


After simplification and combination with the “heat balance,” 
Equation [3] of the author’s paper, this becomes 


® “Notes on the Comparison of Steam Turbine Efficiencies,’ by 
Ernest L. Robinson, General Electric Review, vol. 29, 1926, pp. 503- 
510. 

10 Assistant Professor of Mechanical Engineering, Massachusetts 
Institute of Technology, Cambridge, Mass. Jun. A.S.M.E. 
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d 
dSiestet = [Hohe Tere a) 


which is identi¢al with Equation [2] of the text. Note that in 
deriving this equation it is unnecessary to allude to fictitious 
“ost-work”’ effects. 

Thermodynamically, the chief criticism of the writer is that the 


Fria. 1 Frow Dracram ror INFINITESIMAL HEATER 


author identifies the value of ZdSheater found from Equation [2] 
with the AS of Equation [7] of the paper. The writer sees no 
connection between this reasoning and the laws of thermo- 
dynamics. 

The actual definition of the AS of Equation [7] of the paper 
resides in Equation [7] itself. For the heat rate of the cycle we 
may write 


3412.75(He — ha) 
Ho ee ha = (1 — W)econd, (Hp — Hg) cane 


Heat rate = [8] 


where the flow rate to the condenser (based on unit flow rate to 
the throttle) is found through integration of Equation [3] of the 


author’s paper, to wit 
vii throttle Tydsy 
cond Hi—hy 


(1 — W) cond, = 6 


If Equations [8] and [9], herewith, are compared with Equation 
[7] of the author’s paper, the exact definition of AS is found to be 


(8¢ — 8¢)/(Se — 8a) 
ASexact = (Se — Sa) Tite ee ae 
been Tydsy/(Hz—hy) 


.. [10] 


Equation [6], giving the author’s formula for AS, becomes, 


after a slight rearrangement 
fees | T; ds, | 
cond ie hy 
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A comparison of Equation [10] with Equation [11] of this 
discussion shows that the author’s formula for AS is correct only 


when 
‘ aol iee bbe T,ds, td 
og. = eae Mh aha 
: SO mytA cond ay 


or, in other words, only when AS is identically zero. 

Equation [12] is not a thermodynamic identity, and can at best 
be satisfied only approximately. It appears that for the cases 
given in the author’s Table 2, the agreement is fairly good. 


DISCUSSION 


Taking, for example, the steam conditions of Table 1, we get 


throttle 
T,ds, 
“é = 1,006; f ae 
c 


log ae ore 
2 
8¢ °A ond H, hy 


= 0.977* 


Since the author’s method apparently rests on the fortuitous 
fact that Equation [12] is approximately satisfied when steam is 
the working fluid, an important consideration concerns the 
maximum error which might be incurred through its use. For 
example, is one likely to encounter considerably greater errors 
than the largest error in Table 2, viz., 7 Btu per kwhr? 

As regards the author’s claim that his method requires less 
labor of computation than that of Selvey and Knowlton, attention 
is called to the writer’s discussion of the Selvey and Knowlton 
paper. In that discussion it was shown that Selvey and Knowl- 
ton’s procedure could be improved slightly as regards the thermo- 
dynamic analysis itself, and improved in considerable measure as 
regards computation technique. The method employed in that 
discussion was essentially equivalent to integrating Equation [9] 
of the present discussion with the aid of Simpson’s rule and then 
substituting in Equation [8] of the present discussion to solve for 
the heat rate. With steam conditions of 3200 psia, 1200 F, 1 in. 
Hg, it was found that with only four calculations similar to those 
of Table 2 in the present paper, heat rates could be calculated 
with an accuracy of about 1 or 2 Btu per kwhr. With eight such 
calculations, the accuracy of the method is of the order of 0.1 or 
0.2 Btu per kwhr. 


H. Le H. Smiru."* The author’s three-dimensional considera- 
tion of temperature-entropy-quantity of steam is of special in- 
terest. Some of the general treatment raises questions of rigor, 
where fluid quantities are spoken of when fluid rates of flow are 
seemingly meant. 

In dealing with adiabatic expansion and the resulting theo- 
retical cycles, the treatment does not come to grips with reality. 
The author says, ‘Usually engineers are reluctant to utilize the 
concept of entropy except when it remains constant,..... EO CE 
these things be? 

The problem of the heat-cycle loss when superheated steam is 
bled for feedwater heating is an important problem, but surely its 
importance -in a realistic sense is in application to real turbines, 
expanding nonadiabatically. 

Toward the end of the paper explicit statements are made con- 
cerning the procedures by which the method could be modified to 
transfer it from the status of dealing with an unrealistic hypo- 
thetical turbine to that of dealing with a real turbine. 

It would be an enlightening contribution if the author would 
make this transfer in a supplementary paper. 


AuTHOR’s CLOSURE 


The suggestion by Lieutenant Elrod eliminates the approxi- 
mation to which objection is made in two of the discussions, 
without adding appreciably to the work involved. However, 
the error introduced by the approximation is negligible at any 
temperature likely to be employed in practice for some time to 
come, as may be shown by solving Equation [5] of the discussion 
for AS, letting A equal the area found graphically or otherwise. 


NS MSGS a) (Cl) ecrirteeaton tee Lod 


The exponential may then be expanded into an infinite series, by 
means of Maclaurin’s theorem. 


* The value 0.977 is taken from the writer’s discussion of the Selvey 
and Knowlton paper, author’s reference (3). 

11 Supervisor, Power Department, B.M.T. Division, Board of 
Transportation, City of New York. Mem. A.S.M.E. 
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[14] 

The approximation employed in the paper amounts to reject- 
ing all terms beyond the second. If the value of A so found is of 
the order of 0.03, as in the example worked out in Table 1, the 
error introduced through letting (e* — 1) equal A, amounts to 
0.00045, which would affect the heat rate by approximately 2 
Btu per kwhr. If the value of A is 0.0014, as in the third line 
of Table 2, the error amounts to 0.000001, which would affect 
the heat rate by less than 0.01 Btu per kwhr. There is thus no 
justification for assuming that the discrepancies shown in Table 2 
are due to this “approximation.” The author has solved Equa- 
tion [9], using Simpson’s rule with eight intervals, and obtained 
a heat rate at 400 psia 700 F throttle conditions of 8228.3 Btu 
per kwhr. This indicates that a major part of the discrepancy 
referred to may be attributable to inaccuracy in the Selvey and 
Knowlton value of 8222. 

Solution either of Equation [6] of the text or of Equation [13] 
just given is facilitated by the use of Simpson’s rule. The follow- 
ing have been computed from data given in Table 1, by plotting 
the figures in column 10 and reading values at desired intervals. 


Heat rate, 
No. of intervals A 4S Btu/kwhr 
2 0.0284 0.0156 5999 
3 0.0288 0.01585 6000.4 
4 0.0288 0.01585 6000.4 
8 0.0290 0.01595 6001.2 


Three intervals!? are sufficient to obtain an accuracy within one 
Btu per kwhr, compared with eight necessary if Equation [9] is 
used. At throttle temperatures below 1000 F, probably two 
intervals would prove ample. A still rougher approximation 


would be 
— Sa—S8e 1 T, | 
3 Seen en Eig = tae Vr a 


The derivation in the paper is predicated on one pound of 
throttle steam. ‘The time interval involved does not enter the 
discussion, hence it is unnecessary to employ terms indicating 
flow rate. 

The manner in which reheat may be handled, merely by addi- 
tion of the AS for each expansion, seems to the author exceedingly 
simple. Commander Dusinberre’s observations regarding tur- 
bine and pump work are apt. However, it does not appear that 
theoretical pump work can be of much value, inasmuch as actual 
feed-pump work usually bears little relation to the theoretical. 

It has been pointed out that much remains to be done before a 
rapid method of estimating real plant heat rates with high accu- 
racy can be made available. The intention in the present paper 
has not been to indicate exactly how this may be done. It has 
rather been to clarify the concept of regeneration in the superheat 
region as an irreversible process, as implied by the title chosen, 
with the particular purpose of showing how quantitative results 
may be obtained. 

One further step may be taken in the direction of actuality by 
making an analysis similar to Lieutenant Elrod’s, but considering 
Sx to be variable, and letting feed-pump efficiency be m (assum- 
ing motor-driving the feed pump to have 100 per cent efficiency). 
This leads to the following 


Sie REE An a RR [16] 


[15] 


12 Statement of Simpson’s rule given in most handbooks applies 
only for an even number of intervals; with three intervals, y being 
the value in Table 1, column 10 
— SG 


a (yo + 3y1 + 3y2 + ys) 


SA 
Area = —— 
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in which 


All integrals are of course between limits of throttle and con- 
denser pressure. (Statement in paper that “AS value because of 
irreversibility in turbine expansion can be read from the expan- 
sion curve” is obviously incorrect, as such a value would not take 
into account the reduced quantity of steam reaching condenser.) 
Of the three components of the exponent, only b would be com- 
parable in magnitude with the exponent to be evaluated if Equa- 
tion [9] is employed, being of the order of half of the latter. Us- 
ing Simpson’s rule, not more, and probably fewer, than eight in- 
tervals would be required. If-the steam flow is wanted, it can be 
found from the following 


ee le (So— 


The inference may be drawn that other factors could be de- 
vised to be added to the exponent in Equations [16] and [20], 
to cover other departures from complete reversibility. 


S4) 


|e +o+0 (20) 


Development of the Lysholm-Smith 
Torque Converter’ 


AUTHOR’S CLOSURE 


The author regrets that owing to wartime conditions, he has 
not been able to close the paper before. 

Mr. Eksergian agrees with the author that the flow of a multi- 
stage reaction converter increases with reduced speed. The in- 
fluence of this increased flow on the input torque is, however, not 
correctly interpreted by Mr. Eksergian. By using his theory, the 
input would increase on both sides on the optimum point, which 
is not substantiated by the test results. For the converter in 
question, the last turbine stage acts like a guide to the pump im- 
peller giving a counterrotating vortex. The higher the second- 
ary speed is, the less the circulation of this vortex will be, causing 
an increased unloading of the impeller. It has also been confirmed 
by tests made by the author that if a stationary guide is arranged 
before the pump impeller, the input torque will be substantially 
constant near the optimum point but, due to the increased flow 
decreases somewhat at stalling and racing. The dimensions of 
the various parts of the converter may be obtained from Fig. 1, 
which is drawn to a scale of 1:6.7. 

Mr. Wislicenus comes to the conclusion that by using the equa- 
tion given below Fig. 2, the actual pressure drop will be twice as 
great as derived from Equation [1]. This is not correct, as Equa- 
tion [1] applies both to guide and rotating blades, thus making 
up for the missing factor of 2. The author regrets that this was 
not stated in his paper. 

The author agrees that it is very difficult to separate losses in a 
hydraulic converter. The approximate method used when com- 


; 1 By A. Lysholm, published with discussion in the July, 1944, 
issue of the Transactions of the A.S.M.E. Because of wartime con- 
ditions the author was unable to submit a closure. 
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puting Table 1 was to estimate leakage, rotation, and mechanical 
losses according to usual formulas and try to balance the remain- 
ing losses in a reasonable way to correspond to the total losses ob- 
tained by the tests. 

The carry-over losses are the losses in the open space between 
turbine and pump, or vice versa. 

The author’s Equation [2] was taken over from a similar equa- 
tion used for calculating losses of the Ljungstrém double-rotation 
steam turbine. As shown in Fig. 4, this factor is by no means 
constant, but varies considerably over the range of inlet angles. 

The rate of flow indicated in Fig. 2 is valid for constant input 
horsepower—that is to say, a constant value of QZAh. The 
values have been computed from test data for a great number of 
primary and secondary speeds by means of a Pitot tube fitted af- 
ter the guide blade C in Fig. 1. This characteristic has to be ac- 
cepted as correct on account of these tests, but it is also possible 
to confirm the test results by the cut-and-try method described 
below Fig. 2 in the paper. 

A. LysHouM.? 


Experimental Study of the Flow 
of Coal in Chutes at Riverside 
Generating Station’ 


R. F. Leeaer.? This lucid account of an-exhaustive experi- 
mental study into a complex operating problem has proved of 
unusual interest to the writer since he was working on an allied 
problem at the University of Toronto, apparently simultaneously 
with the authors of the paper. His findings, which to some ex- 
tent supplement those of the authors, will be presented at a fu- 
ture date. 

The writer’s investigation was concerned with the clogging of 
bituminous coal in the large reinforced-concrete bunkers of the 
new steam-generating plant of the Polymer Corporation at 
Sarnia, Ontario. A model of a bunker was used, one-twelfth 
full size, but made of wood and not of such a convenient material 
as pyralin, The grading of the coal used did not correspond with 
that shown in Fig. 1 of the present paper; however, the coal used 
for experiments was modified as the authors suggested. 

In all the experiments conducted at Toronto, no ‘Scale effect’’ 
was noted, and the writer is therefore puzzled by the authors’ 
statement with regard to this matter, especially since it is difficult 
to see what should cause a difference between the behavior of 
coal in model and prototype. Possibly the authors will discuss 
this matter further in their closure. 

The comment given on the use of “wetting agents” confirms 
the writer’s experience; he cannot but think, however, that in 
some way these remarkable chemical products may one day as- 
sist in the solution of problems involving the movement of coal. 

In view of the differing character of the units being studied, it 
is the authors’ interesting discussion of the physical properties 
of the coal which provides the closest link between the two in- 
vestigations. Although the approaches to the study of the prop- 
erties of coal were somewhat different, the moisture content is 
paramount in both. Accordingly, it would be helpful if the 
authors would state how their moisture contents are expressed, 
i.e., as percentages of the dry or of the wet weights of coal. 


2 Consulting Engineer, Stockholm, Sweden. 

1 By E. E. Wolf and H. L. von Hohenleiten, published in the 
October, 1945, issue of Trans. A.S.M.E., vol. 67, pp. 585-599. 

2 Associate Professor of Civil Engineering, University of Toronto, 
Toronto, Ontario, Canada. 


Failure of Ductile Metals in Tension’ 


By G. SACHS? ann J. D. LUBAHN,? CLEVELAND, OHIO 


The extensive fabrication of aluminum-alloy sheet in 
the aircraft industries has revealed the lack of fundamen- 
tal knowledge regarding the phenomena which explain 
the performance of metals under various stress and strain 
states. Previous investigations appear to have neglected 
entirely both the effects of the part geometry and the fact 
that the strength of the metal and limit of forming are 
frequently determined by a process of instability, or 
“necking,” rather than by the process of fracturing. 
In this paper a theory of necking is developed in order to 
predict the forming limits for various stress or strain states 
based upon an analysis of the true stress-strain curve in 
pure tension. A criterion for necking is advanced, based 
upon the maximum-load (or pressure) conception of in- 
stability, and is applied to different geometrical shapes 
formed at room temperature. Future publications will 
present, in support of the criterion advanced, experimental 
analyses of the forming of different geometrical shapes 
under various loading conditions and stress and strain 
states. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


A 


cross-sectional area 
L— In 


0 


é = ordinary principal strain = 


F = tensile load 
Fmex/A = stress at maximum load point 

L = length of longitudinal element 

p = internal pressure in tube, sphere, or circular bulge 

R = radius of curvature to inside surface of thin-walled 
tube, sphere, or circular bulge 

$8 = principal stress 

h = thickness of element, or wall thickness of a tube or 
sphere 


. V = volume of element 
w = width of element 
e = natural strain or logarithmic strain = In (1 + e) 
0 = subscript denoting conditions before straining 
1 = subscript denoting direction of principal stress or strain 
of greatest algebraic value 
2 = subscript denoting direction of principal stress or strain 


of intermediate algebraic value 


1 This paper is one of a series of reports on the research program 
on hot-forming of aluminum alloys conducted at Case School of 
Applied Science under contract with the Office of Production Re- 
search and Development of the War Production Board. This re- 
search, which was supervised by the War Metallurgy Committee 
under the ‘‘restricted’’ project NRC-547, is the basis of this paper 
which has been released for publication by the OPRD. 

2 Professor of Physical Metallurgy, Department of Metallurgical 
Engineering, Case School of Applied Science. Mem. A.S.M.E. 

3 Department of Metallurgical Engineering, Case School of Applied 
Science. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tun 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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3 = subscript denoting direction of principal stress or strain 
of least algebraic value 


INTRODUCTION 


4 \HE general term “forming limit” may cover a variety of 
fundamentally different metal characteristics. It generally 
defines the maximum strain, or rather the magnitude and 

state of strain, which may be achieved with a certain type of 
equipment. This forming limit may be determined by the 
“cohesive” strength or “ductility” of the metal, which is often 
considered to be the only forming limit. However, a process may 
be limited by the strength of the equipment rather than by the 
ductility of the metal. In many commercial processes, particu- 
larly those of the compression type, the maximum strain is 
limited only in this manner. 

Another rather peculiar type of forming limit results from a 
condition of loading which causes a local breakdown of the 
metal. A generally known and much discussed group of phenom- 
ena of this type is called “buckling.” The buckling of a 
slender structural member limits its strength in a manner quite 
comparable to a brittle failure. Besides those phenomena of 
buckling discussed in textbooks on elasticity, there is also a 
variety of types of plastic buckling known which limit the 
forming under certain stress states, such as the wrinkling of 
deep-drawn cups and the folding of sunk or necked tubing. 

The general characteristics of buckling may be defined as a 
load condition where an increase in strain occurs without an in- 
crease or with a decrease in load. Such an instability, there- 
fore, should occur always when the load F goes through a maxi- 
mum, or when the differential of the load becomes zero 

F = maximum aH = 0 

This condition determining the forming limit in buckling 
also applies to another group of instability phenomena, the best 
known representative of which is the local ‘‘necking” of a part 
strained in tension. When the load passes through a maximum, 
and the strain increases by a small amount at some location, 
this location becomes less strong in comparison with the re- 
mainder of the part. Then all further strain will occur here 
while it will discontinue at other locations, thus resulting in a 
‘meck.’’ The necking of a regular tensile-test specimen has at- 
tracted considerable interest, and numerous publications deal 
with stress-strain conditions conducive to necking (1-7). 

The condition of necking for pure tension can be written as 
follows: 


dF = d(As) = 0 
ds dA 
ae ies 


where s is the true stress corresponding to a cross-sectional area 
A. This rather lucid formulation of the necking condition re- 
lates the instability to the fact that the rate of increase in ten- 
sile load by the increase of stress (due to strain-hardening) is no 
longer able to compensate for the decrease in tensile load be- 


4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


272 


cause of decreasing cross-sectional area. The necking condi- 
tion in this form has been applied to processes other than uni- 
axial tension, such as a sheet subjected to biaxial tension (13), 
a rotating disk, and a tube subjected to internal pressure (8, 9, 
11). 

In order to develop an instability condition that is applicable 
to the wide variety of commercial conditions of loading and geom- 
etry, the original maximum-load conception must be extended. 
Already it can be concluded from previous analyses that the 
instability of a flat sheet and of a tube subjected to the same 
stress state occur at different strains. Therefore the concep- 
tion is advanced in this paper that instability occurs, or “neck- 
ing” begins, if, with increasing strain, one of the external loads 
passes through a maximum. So far only the tensile load has 
been considered (dF = 0). However, the primary source of 
stress in parts subjected to internal pressure is this pressure p 
and consequently instability should then occur when 


p = maximum dp =0 


The purpose of this and subsequent papers will be as follows: 


1 To develop the conception that under various load and 
geometrical conditions the forming limit for a homogeneous 
metal may be determined by instability, and to associate this 
‘necking’ with a maximum in either the tensile load or the in- 
ternal pressure, as discussed previously. : 

2 To develop a theory of instability which may be applied 
to the stress-strain curve as experimentally derived for the 
load conditions and geometrical conditions actually present. 

3 To extend this criterion of instability to predict the form- 
ing limit for any stress state and condition of geometry con- 
sidered, using only the stress-strain curve in pure tension. 


In the present analysis equations have been developed which 
apply to actual relations between the stresses and strains that 
exist during a particular type of test on a particular material. 
These relations, which are necessary in order to predict the 


necking strain, may be determined experimentally in a simple . 


manner for certain conditions of geometry and loading, such as a 
tube subjected simultaneously to internal pressure and longi- 
tudinal tension. In this case the stresses and strains are calcu- 
lated readily from the measured load, the pressure, and the di- 
mensional changes, such as the changes in length and diameter 
of a tube. However, in other instances of geometry, such as a 
circular hydraulically formed bulge, a tedious experimental 
analysis and possibly also a theoretical analysis is necessary to 
establish the stress-strain relations that are required for the 
application of the derived necking condition. 

Experimentation generally supplies the three principal stresses 
and the three principal strains for each point of the test, 
thus defining completely the stress and strain states, respec- 
tively. To apply the graphical construction, particular stresses 
and strains, or functions of these, must be selected to yield a 
suitable stress-strain relation. It would be desirable that 
various stress states could be represented by a single, or “uni- 
versal,’’ stress-strain curve, by plotting a suitable function of the 
three principal stresses versus a suitable function of the three 
principal strains. There are several possibilities, and the ques- 
tion as to which is the most suitable is still a matter of consider- 
able argument. In most problems of plasticity the simplest 
possible condition has been found to yield sufficiently accurate 
results. 

The following analysis applies only to biaxial-tension stress 
states, defined by the fact that the algebraically smallest prin- 
cipal stress s; is zero. In this case the larger of the two tensile 
stresses s,, may be plotted versus the numerically largest of the 
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three natural principal strains, as the simplest possible concep- 
tion that yields a nearly universal stress-strain relation.5 

Other stress and strain functions yield stress-strain curves for 
various stress states which agree more closely, but also which 
require more elaborate calculations. It should be noted that 
two of the stress states which are considered particularly in this 
paper, namely, pure tension and balanced biaxial tension, yield 
identical stress-strain cuives, according to any of the recognized 
theories. The stress state. which may be particularly affected 
regarding the accuracy of the solution by any such assumption 
would be the condition of plane strain which is intermediate be- 
tween pure tension and biaxial tension. 

The present approach to the problem has the particular ad- 
vantage that the resulting differential equations allow the direct 
determination of the necking point on the experimental or 
equivalent stress-strain curve, using a simple geometrical con- 
struction. Also, the equations derived in this paper are basic, 
and may be extended to include any desired universal stress-strain 
relation. Finally, the stress may be approximated algebraically 
as a function of the strain, to permit an algebraic rather than a 
graphical solution. However, considering the rather large 
amount of work which such an algebraic analysis requires, it 
appears that the graphical method of solution is more flexible, 
is more lucid, and offers less possibility of error; consequently, 
this will be used in the analyses in subsequent publications. 

Regarding the effect of the part geometry on the instability 
strain for balanced biaxial tension, it will be shown that the 
results are rather different for the three types of curvature, or 
changes in curvature, represented by (a) a flat sheet, (b) a sphere 
under internal pressure, or tubing under longitudinal tension 
and internal pressure, and (c) a circular hydraulic bulge formed 
by pressure from flat sheet. Previous experimentation confirms 
the results of some phases of the theoretical analysis, and addi- 
tional evidence will be submitted in subsequent publications. 


NEcKING OF A TENSILE TEST SPECIMEN 


The well-known necking of a ductile tensile test specimen has 
been recognized by Considére (1) and Ludwik (2), as a phenom- 
enon of instability. It is associated with a maximum in the 
load-strain diagram. As long as the load F increases, the speci- 
men stretches approximately uniformly over its length,® while a 
decreasing load indicates necking. ; Z 

(a) If s, is the true principal stress, i.e., the load F divided 
by the actual cross section A of the metal, the beginning ‘of 
necking is given by the condition (see Sachs, 7) 


F = 3A = maximum 


dF = 0 = Ads, + sdA 


As illustrated in Fig. 1, the point of necking, or maximum load 
point, is a point in the s; versus A diagram, such that the tan- 
gent at this point intersects the ordinate at A = 0 at a height 


® 6 This is a special case (for biaxial tension) of the conception that 
all stress states yield identical stress-strain curves if the maximum _ 
a 


shear stress (: )is plotted versus the maximum (absolute) 


natural strain. 

6 The ‘‘uniform”’ strain is considered as the presumably constant 
value of strain encountered at room temperature outside necked 
areas along the length of a sufficiently long tensile specimen. This - 
value represents the greatest strain the metal will exhibit without 
necking under ideal conditions. E 
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ae giving a slope value of — a (see footnote’). 

This solution becomes particularly simple if the s, versus A 
diagram is @ straight line in the vicinity of the maximum load 
point, as shown by Koerber (4), and pointed out previously by 
Moellendorff and Czochralski (3); see also Koerber and Rohland 
(6). 

(b) The strain may also be expressed by the stretch e; of a cer- 
tain length, L = Ly (1 + e), determined by the constancy of 
volume V ‘ 


V = InAo = LA = In (1 + @)A 


Ag 
Tail s5 95 


where the subscript zero denotes conditions before straining. 
The condition of necking then becomes 


8) ; 
F = Aj (; a -) = maximum 


d 
Fie 4.| a a | at0 
1+ a4 (1 + e1)? 
ds, $1 
2 eT ee 1 
Ege eo el 


TRUE STRESS (s;) 


Ao — 4A A=0 ef-r 


2 
e@,=-1 e;-0 
[am 1+e, <r? | 


Fies. 1 anp 2 Construction or THEORETICAL Neckina ConpI- 
TION IN PuRE TENSION FOR s VERSUS A AND s VERSUS € CURVES 


determined by the condition that its tangent shall intersect the 
abscissa at a value e, = —1, yielding a slope equal to s,/(1 + 
€:), see Considére (1), Nielsen (5), and Gensamer (13). 

(c) By a third method which will be used generally throughout 
this paper, the strain can be expressed as the natural strain 


de; 
d = 
aed 1 strey 
The necking condition then can be written (see Equation [1la]) 
ds, 
Saat LCs SO GOA Goto Dab PERE 1b 
ae 81 [ ] 


As illustrated in Fig. 3, the maximum load point may be deter- 
mined by the condition that its tangent intersects the abscissa, 
of the s; versus « diagram at the value —(1 — «:), yieldi:g the 
slope s;/1. 


7 In the graphical solution for a particular metal, using experimen- 
tal data, it is more accurate actually to plot the slope (ds,/dA) and 
the ratio (s,/A) against A and note their intersection (see also Fig. 9), 
rather than use the type of construction indicated in the various 
figures. 
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TRUE STRESS (S;) 


Fia. 3 Consrruction or TuroreticAL Neckinc CONDITION IN 
Pure TENSION For s Versus ¢ CuRVE 


NeckINnG oF Frat Sarer UNDER BraxtAL TENSION 


When a flat sheet is subjected to biaxial tension, the normal 
stress s; is zero, and the maximum shear-stress condition indi- 
cates that the largest principal stress s; (2 times the largest 
shear stress) is always the decisive stress. 

Under these conditions, the stress-strain curve becomes very 
similar to that for uniaxial tension if this decisive stress is plotted 
against the decisive strain, i.e., the numerically largest principal 
strain. Considering the intermediate natural strain e, two 
general cases of biaxiality arise. When e is less than zero, ¢ 
remains the devisive strain; when e is positive (but smaller than 
«, according to definition), e; becomes the decisive strain. 

(a) The general condition of instability (necking) for a flat 
sheet will now be postulated to be the occurrence of a maximum 
in the force applied in the direction of the maximum tension s1, 
this resulting in the same equation as for uniaxial tension Equa- 
tion [1] 


F = s3s,A = maximum 


dF = 0 = 3dA + Ads, 


= 2 
a 7 (2] 
Using the constant-volume condition 
A = Apo (1 + e&) (1 + @3) 
dA = Ay (1 + €3)dez + Ay (lL + es)des { [3] 
dA dey de; 
= =d d 
Ae discae foe 
The general instability condition, Equation [2], becomes 
d. 
Ses Sas! dd 1) meh AK [3a] 
$1 
d. 
CER EAAD A> PU Gil Nee ath [3b] 
81 


(b) Strain ¢ remains decisive for any biaxiality where 0 > e, > 
— - the limiting conditions being uniaxial tension (¢, = —«/2) 


and plane strain (ee = 0). For this whole range of biaxiality, 
therefore, the same condition Equation [3b], applies as that for 
uniaxial tension 


— = dy 
Si 


For the case of plane strain, Baranski (10) has observed pre- 
viously that the natural necking strain is practically the same as 
for pure tension. 

(c) For biaxialities where « > € > 0, es becomes the decisive 


274 


strain, the limiting conditions being plane strain (e. = 0) and 
balanced biaxiality (a = « = — 63/2). 
Introducing the quantity n, defined by 


where 1/; > n > O (for e; being decisive), the basic Equation [3a] 
becomes 


Fi th A eB em Sly SOAS [3c] 


This equation can also be solved graphically. 
(d) In the special case of balanced biaxial tension, e, = —e/2, 


n = 1'/,, and the instability. condition assumes the following 
form 
ds, 1 
ai teeta lll hereon oes oo 5 
81 9 €3 [ ] 
or 
ds; 8) 
sen SE deal i «afta eee Pot Tane 5 
de; 2 | | 


As shown by Gensamer (13), the graphical solution of this equa- 
tion can be obtained by the same method as employed in Fig. 3 
and illustrated in Fig. 4. 


TRUE STRESS (Ss) 


Fia. 4 Construction or THroretTicAL Neckin@ CONDITION IN 
BIAXIAL TENSION FOR s Versus € CURVE 


(e) In the limiting case of plane strain, g = 0, « = —e, 
n = 0, the two solutions, Equations [8b] and [3c], yield identical 
results (see Figs. 3 and 4) 

oH = —de = de 
81 

It can be seen that for identical stress-strain curves, as noted 
previously, e«; at the maximum load point of balanced biaxial 
tension is much larger than e at the maximum load point of 
uniaxial tension, Fig. 3. Thus the uniform stretch in balanced 
biaxial tension, « = —e/2, must be greater than one half the 
uniform stretch in pure tension, and may be either larger or smaller 
than the uniform stretch in pure tension, depending upon the 
strain-hardening characteristics of the metal. 


Insrapiniry or THrn-WaALuLED Tusns Supsecrep To INTERNAL 
PRESSURE 


The condition for the necking of a thin-walled tube subjected 
to internal pressure has not been thoroughly understood up to 
the present time. Some attempts by Laszlo (8, 9) and Siebel 
and Kopf (11) indicate that such a tube will neck at consider- 
ably smaller strains than a tensile test specimen of the same 
material. 

It appears that the uniform strain of a tube subjected primarily 
to an internal pressure p, is determined by the condition that 
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this pressure reaches a maximum. For a thin-walled tube hay- 
ing an initial inside diameter 2 and an initial wall thickness 
ho, this pressure is given by the well-known equation 


nisi ga i goal) 

R  ' Ro (1 + a1) 

where e, and e; are the circumferential and normal strains, re- 
spectively. 

This condition should apply for any condition of biaxiality 
where the circumferential stress is the decisive stress (and 
possibly also for conditions where the longitudinal stress is the 
decisive stress). 

Regarding the decisive strain, again two conditions arise, 


where 0 > e& > — a and where e > e, > 0. 


(a) The general condition of instability, Equation [6], can 
now be written as follows 


apno=| dult 4, des on 


de, (1 + =| 


h 
Rol. eaeee wlatieia. ideas 


This yields the final equation 


ds, de; de, 
— + —— — om DO ithe tere oe 
8) 1 + 3 1 + ey [6a] 
or 
d 
web? dest —> lester Oh ta [6b 
1 


(b) For pure (uniaxial) circumferential tension, « is 


oan A €1 
the decisive strain, and 6 = e« = — 3 Conse- 


quently, the instability condition, Equation [6b], as- 
sumes the following form 


or 


This latter form can again be solved graphically by the method 
of trial and error, Fig. 5. A comparison with the condition for 
pure tension for which the same stress-strain curve exists, Equa- 
tion [1b], shows clearly that the tube would become unstable 
at a smaller circumferential strain than the (longitudinal) neck- 
ing strain of a tensile test bar. This difference is due to the 
change in curvature, rather than to differences in the stress state. 


() LoS a> — = the decisive strainremainse. Introducing 
the relation 
& = —nej 6 = —é —e@ = (+n — lja....... [8] 


where 1/2>n>0, the general condition of instability can be 
written as follows 


ds, 
$1 


(d) For plane strain, ¢, = 0, n = 0, and the instability condi- 
tion then becomes 


SACHS, LUBAHN—FAILURE OF DUCTILE METALS IN TENSION 


The graphical solution for this case of biaxiality is 
also illustrated in Fig. 5. The circumferential strain 


at which the tube would become unstable, under such % 
conditions, would be still smaller than that for a tube U 
subjected to pure circumferential pressure. v 
(e) If a > > 0, the decisive strain becomese;. Us- i 
ing the relation of Equations [8] : ty 
R 
eee a, ee ey geal re 
n— 1 ‘ 
where 0>n> — 1, the general condition of instabil- 
ity can be written as follows (see Equation [6c]) 
d. 2— 
tm deg ( 4 Diicee a [6d] 
8) An—l1 
(f) For balanced biaxial tension, . = e = we n=—l1 
and the instability condition yields the equation 
ds; 8) 
et eee CCIE: 1 
des 2/3 ae 


The same graphical solution now applies as for pure circumferen- 
tial tension, Fig. 5, the decisive strain, however, being ¢;. The 
circumferential strain, in the case of balanced biaxial tension, 
however, would be only one half of that for uniaxial circumfer- 


ential tension, because of ¢ As noted previously, in 


balanced biaxial tension, approximately the same curve is ob- 
tained by plotting s, versus ¢; as that obtained in uniaxial tension 
by plotting s; versus «. Furthermore, Equations [10] and [7] 
apply, respectively, to these two curves in the same manner, 
yielding as the solutions identical values of necking strain (e; and 
a, respectively). In the case of balanced biaxial tension, how- 
ever, the uniform stretch e, which is only one half of the normal 
instability strain ¢; is therefore also only one half of the uniform 
stretch in uniaxial circumferential tension. 


InstTaBILity oF THIN-WALLED SPHERE SuBJEcTED TO INTERNAL 
PRESSURE 


The same approach as used for a tube should be valid when 
applied to a sphere subjected to an internal pressure, p. The 
pressure for a sphere having an initial diameter 2) and an initial 
wall thickness to, is given by the well-known equation 


2 h 2 ho 1 + es 

—) — = 2s; — 

ab rae He Er ‘ 

where s; = s, is the tensile stress and e, = e the tangential 


strain (in the surface of the sphere), and e; is the normal (and 
decisive) strain. 
The instability condition then becomes 


ho 1l+e; des de; (1 + es) 
dp 0-28 dup t 4 (ete) 
or 
ds, de; de, 
‘St 1 eg ‘a 1+¢e4 ‘a 
or 
* sf dese ar derealOls ect vices» {11] 


And using the relation « _ the same equation results as 
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for tubing under balanced biaxial tension, Equation [10], the 
graphical solution of which is illustrated in Fig, 5. 


INSTABILITY OF CrrcULAR HyprAvuLICcALLy FormMep BuLar 


The criterion for necking presented here is limited to uniform 
stress and strain states over the region in question. This re- 
quires that for any section of the specimen both the thickness 
and radius be uniform at any instant during the test, and that 
there be no variation of metal properties throughout the speci- 
men. 

During the bulging of a thin circular disk clamped at its 
periphery, neither the thickness nor the radius is uniform over 
the entire bulge. However, experimentation has shown that 
at and around the pole there is a rather large area which is close 
to spherical and where the magnitudes of the stresses and strains 
are nearly constant. Consequently, an analysis similar to that 
used for other geometrical shapes should be applicable. The va- 
lidity of this conception has been verified by experiments which 
will be presented in a later publication. 

Fundamentally, the same condition should determine the 
strength of a ductile disk, subjected to hydraulic pressure, as 
that which determines the strength of a sphere subjected to in- 
ternal pressure, namely, that when the pressure p, reaches a 
maximum, instability should occur, provided that the metal is 
sufficiently ductile to “neck” before fracturing. This pressure 
p is given, as in the case of the sphere, by the equation 


ho(l_+ es) 


9) eae 
p= 481 = 48) R 


R 


where 8; 82 is the tension at the pole of the bulge, at which 
location the highest strains are exhibited, and e é2 and e; are 
the tangential strains and normal strain, respectively, Fig. 6. 


The necking condition in terms of the strain e; then becomes 


dp = 0 = 2h («s, : _ st + 3 a — 3 dk : a) 
or 
dy dR da 
$1 R 1 + e 


This equation can be written in the logarithmic form® 


d(In s;) = d(In R) — de 
or 
d (In s;) » Pdi Ri) te 
des des 


8in = log, 
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FINAL THICKNESS th) ~ 


Fig. 6 Srress anp STRAIN STATE AND GEOMETRICAL CONDITIONS IN 
A CIRCULAR BULGE 


This equation differs from that of a sphere because the radius 
of curvature in this case is an unknown function of the strain. 
No theory of bulging is yet available which would yield the cur- 
vature during bulging if the other quantity were known. There- 
fore, a graphical solution, based upon experimentally determined 
values of stress, strain, and curvature, is necessary. The stress- 
strain curve, s; versus ¢;, and the radius-strain curve, 2 versus 6, 
are necessary in order to determine the two functions 


d (In s1) d (In R) 
S| 
des deg 


The radius is determined experimentally from contour measure- 
ments. The normal strain ¢ is calculated from the meas- 
ured'tangential strains e¢; = é according to the equation 


=i ease 
ar pe (1 +> e1)? 


The stress is determined from the experimentally measured quan- 
tities, radius, pressure, and tangential strain, related by the fol- 
lowing equation 


= ple (1 + e)? 
2to 


These values can be employed in the graphical solution of 
Equation [12]. Thus, as shown in Figs. 7(a) and 7(b), In R and 
In s; are plotted as functions of «, (e; being negative). The 
values of 


d (In R) aan d (Ins) 
eS a n 
deg deg 


are determined from these curves and plotted as functions of 63, 
Fig. 7(c). The «; value at the intersection then determines the 
strains at the necking point, according to 


Cl" 62s 2 
This strain value is considerably higher than that for the 
sphere and usually also higher than that for plane biaxial stress, 
because of the decrease in radius R, with increase in strain. 
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The Necking of Tensile-Test Specimens 


By J. D. LUBAHN,? CLEVELAND, OHIO 


The conventional tensile test is the basis of acceptance 
tests, and its results are extensively used to evaluate the 
structural metals regarding their relative performance in 
forming and their strength in service. However, it appears 
that the significance of the phenomena encountered in a 
tensile test are little understood, in spite of a large num- 
ber of investigations. In this paper, the strains encount- 
ered in long rectangular tensile-test bars of the aluminum 
alloys 24S-O and 24S-T have been investigated in detail. 
The theoretical conceptions’ previously advanced,’ re- 
garding the necking of tensile-test bars, have been con- 
firmed experimentally. 


HE present theory of necking correlates the occurrence 
of a maximum in the external load with a change in the 
strain condition from a uniform strain state to a nonuni- 
form strain state, i.e., local necking. The simplest example of 
uniform stress and strain conditions throughout the metal should 
be that encountered in a regular tensile-test bar which is sub- 
jected presumably to ‘‘pure tension”’ before necking occurs. 
The validity of the necking condition for test bars strained in 
“pure tension” has been the subject of numerous investigations 
listed in a previous paper.’ Recently, however, the existence of a 
really uniform strain in a tensile test bar has been considered as 
doubtful. It must be emphasized that commercial metals are 
not entirely uniform, and therefore their strains in pure tension 
will be nonuniform to an extent depending upon the variations 
in metal properties. Frequently, also, test bars and sections that 
are stretched commercially lack uniformity of cross section along 
their length and these variations likewise cause the strains to be 
nonuniform even before instability, or “necking,” occurs.‘ 
In addition to the foregoing considerations, the stress state of 
a standard tensile-test specimen at failure is rather complex as a 
result of two factors: (a) The transverse tension near the ends 
of the gage length, because of enlarged “heads” of the specimen A 
and (6) the transverse tension in the neck itself, which is in effect 
a notch of large radius of curvature. In a relatively short gage 
length, such as that of a standard tensile-test specimen, it has 
been observed that the regions where lateral contraction is re- 
strained, corresponding to the two regions of lateral tension just 


1 This paper is one of a series of reports on the research program on 
hot-forming of aluminum alloys conducted at Case School of Applied 
Science under contract with the Office of Production Research and 
Development of the War Production Board. This research, which 
was supervised by the War Metallurgy Committee under the ‘“‘re- 
stricted” Project NRC-547, is the basis of this paper, which has been 
released for publication by the OPRD. The project was directed by 
G. Sachs, Case School of Applied Science. 

2 Department of Metallurgical Engineering, Case School of Ap- 
plied Science. 

3 “Failure of Ductile Metals in Tension,” by G. Sachs and J. D. 
Lubahn, published on pages 271-276 of this issue of the Transactions, 

4 The results of recent tests show that these variations are large, 
even under the most accurate conditions of material selection and 
machining. Variations in strain along the length of the specimen 
may be correlated directly with variations in initial cross section. 

Contributed by the Metals Engineering Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tan 
AMERICAN Society or MecHANICAL ENGINEERS. 

Norte: Statements and opinions advaced in papers are to be under- 
stood as individual expressions of their authors and not those of the 
Society. J 


described, may overlap. This makes it impossible to determine 
by strain analysis of a standard (American) tensile-test specimen 
any such strain as the uniform elongation, or the strain under 
conditions of uniaxial tension at which local necking begins. 


TrENsILE-TEst PRocEDURE 


In order to study the phenomenon of necking under conditions 
which avoid the difficulties mentioned, a few tensile tests were 
made on aluminum-alloy strips 20 in. long, of bare 24S-O and 
bare 24S-T sheet, Figs. 1 and 2. The strips were reduced in the 
center portion from a sheared width of 11/2 in. to a width of 1 in., 
in order to form a 13-in. gage length of constant width with edges 
free from nicks and cold work. The edges were prepared by mill- 
ing to a depth at least equal to the thickness, followed by polish- 
ing ona belt sander. The longitudinal direction® of the sheet was 
selected as the direction of testing, in order to obtain the most 
nearly constant thickness and the most nearly uniform metal 
properties along the length of the specimen. 

The specimens were subjected to tension loads that continu- 
ously increased at a very small rate. During tests, measurements 
of width and thickness were made at 24 stations spaced 1/2 in. 
apart. By a process of interpolation, the measurements, and thus 
also the strains, were computed for the same point of time at all 
the stations. Thus in Figs. 1 and 2, each curve represents the 
strain distribution at one particular instant during the test. 
Such a representation illustrates the gradual change in shape of 
the strain-distribution curve as the test proceeds. 

It is apparent from Figs. 1 and 2 that the strains are nearly 
constant with position along the length of the specimen up to a 
strain of approximately 8 per cent. With further increasing 
strain, small nonuniformities appear which are not local necks 
in the sense of an instability effect, because they do not represent 
points where the strain continues to increase in the absence of 
strain at other points. There is a certain maximum strain, how- 
ever, which has been denoted as the necking strain, above which 
the strains continued to increase in only one localized region, 
called the “neck,” Figs. 1 and 2. It can be seen that this necking 
strain was approximately 18.5 per cent for the investigated 0.040- 
in. 24S-O bare specimen, and 17.5 per cent for the 0.125-in. 248-T 
bare specimen. Apparently, for 248-T bare, the strain at a load 
of 8980 lb was the maximum-load strain, Fig. 2, since the strain 
after fracture differed only by the amount of elastic recovery 
that is to be expected for this alloy. 

The curves of (true) stress versus reduction of cross-sectional 
area for the two materials were obtained by plotting (for one 
particular station) the cross-sectional areas corresponding to the 
various strain curves in Figs. 1 and 2 versus the corresponding 
stresses. The same stress-strain curve was obtained for various 
stations, thus indicating the correctness of the interpolation 
process for obtaining the strain-distribution curves. For the 
purpose of this investigation, the stress-strain curves were ex- 
tended only to the largest strain encountered outside the region 
of fracture, to avoid introducing the effects of transverse tension 
in the neck. The curves so obtained were found satisfactory for 
the following analysis, in that they exceeded by a few per cent 
the theoretical point of necking. 


5 Tests on transverse specimens were abandoned because of exces- 
sive variations in thickness across the width of the rolled sheet. 
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16.3 % REDUCTION IN AREA EQUALS 


19.5 %o LONGITUDINAL STRAIN 


TRUE STRESS ——~ 1000 PSI 


REDUCTION IN AREA — PER CENT 


Fic. 4 Srress-Strain Curve ror 0.125-In. Bare 24S-T Sueret, 
SHOWING THEORETICAL CONDITION FOR NECKING 


ANALYsIs oF RESULTS 


The stress versus reduction (of area) curves thus obtained are 
shown in Figs. 3 and 4, together with the construction lines for 
determining the strain at necking, according to the theory de- 
veloped previously.’ The values of longitudinal strains obtained 
from the necking theory for 24S-O bare, and 24S-T bare, are 
16 and 19.5 per cent, respectively. These values are in good 
agreement® with the corresponding experimentally determined 
uniform strains of 18.5 and 17.5 per cent, respectively, Figs. 1 
and 2. 

The accuracy with which the strain at necking can be deter- 
mined from a stress-reduction curve, such as that in Fig. 4, de- 
pends primarily upon the accuracy with which the slope of the 
stress-area curve is measured. In order to illustrate the probable 
extent of the scattering of the slope measurements, the necking 
condition has been solved, in Fig. 5, by intersecting the two func- 
tions s,/A and —ds,/dA. The curve shows that typical errors 
of slope measurements may result in errors in the strain at neck- 
ing of approximately plus or minus 1 per cent. 


*A larger number of subsequent tests show that the necking 
strain determined theoretically from the stress-strain curve is 1 or 2 
per cent above that observed in the strain-distribution curve, and this 
phenomenon has not been explained as yet. It should be observed, 
however, that this difference is smaller than the rather large experi- 


* mental errors associated with instability phenomena. 
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Instability of himenwalled Tubes 


Subjected to Internal Pressure 


By G. ESPEY,? CLEVELAND, OHIO 


A preceding paper advances the criterion that 
the maximum-load or pressure conception of 
instability is applicable to geometrical shapes 
other than the tensile test. This paper pres- 
ents experimental analysis to support the theo- 
retical conception advanced for the necking of 
tubing subjected to pure longitudinal ten- 
sion, to balanced biaxial tension, and to plane 
strain with the major strain being circum- 
ferential. It also shows that the stress-strain 
curve in uniaxial tension can be used to predict 
the necking strain for tubing under various 
stress states. : 


OAD conditions other than pure tension which 
can be readily investigated are those en- 
countered in tubing which is simultaneously 

subjected to a major circumferential tension and a 
minor longitudinal tension.$ 

The following analysis should reveal the validity 
of the conception advanced‘ that a tube subjected 
to the stress state mentioned, if it does not fracture 
ina brittle manner, fails by instability when the in- 
ternal pressure reaches a maximum. This failure 
should be of much the same type as that of a tensile specimen 
which fails by local instability or “necking” when the tensile load 
passes through a maximum.$ 

Some results have been published recently by Davis,* which 
present a series of tests suitable for a comparison of the theoreti- 
cal instability strains with experimentally derived forming limits 
for various stress states. Cylindrical copper tubes 1.45 in. OD, 
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_! This paper is one of a series of reports on the research program on 
hot-forming of aluminum alloys conducted at Case School of Applied 
Science under contract with the Office of Production Research and 
Development of the War Production Board. This research, which 
was supervised by The War Metallurgy Committee under the “‘Te- 
stricted’”’ Project NRC-547, is the basis of this pauper which has been 
released for publication by the OPRD. The project was directed by 
G. Sachs, Case School of Applied Science. 

2 Department of Metallurgical Engineering, Case School of Applied 
Science. 

5 As yet, the condition or combination of conditions determining 
instability for tubing under a major longitudinal tension and a minor 
circumferential tension is not clearly understood. However, the 
limiting conditions of pure longitudinal tension and balanced biaxial 
tension are known and discussed. The results of tests in the region 
between these two limits are later reported in Fig. 9. 

‘“ailure of Ductile Metals in Tension,” by G. Sachs and J. D. 
Lubahn, published on pages 271-276, of this issue of the Transac- 
tions. 

§“The Necking of Tensile-Test Specimens,’’ by J. D. Lubahn, 
published on pages 277-279, of this issue of the Transactions. 

6 “Increase of Stress With Permanent Strain and Stress-Strain 
Relations in the Plastic State for Copper Under Combined Stresses,’’ 
by E. A. Davis, Trans. A.S.M.E., vol. 65, 1943. p. A-187 

Contributed by the Metals Engineering Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tur 
AMERICAN Society or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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1.25 in. ID, and having an 8-in. length were machined from solid 
rod. These were subjected to various ratios of longitudinal and 
circumferential tension which were kept approximately constant 
in any one test but which were in different proportions for dif- 
ferent tests. Both stresses were progressively increased during a 
test by increasing the internal pressure-and the longitudinal 
tension. The strains were carefully measured during these tests, 
and for an investigation of the instability condition the final 
dimensions of the fractured specimens were also secured later 
for the purposes of this analysis (lot B of reference 6). Of the 
tubes tested under combined tensions, the stress and strain con- 
ditions of balanced biaxial tension 

(2 = 1, — 1) and plane strain (: = 

81 €1 


: 1/5, 2 = 0) were avail- 
1 


able for the analysis. 


CorreLAtTInNG Test Resuuts 


To correlate the necking performance of tubes under uniaxial 
tension with those under biaxial tension, a tube tested in pure 
tension was also investigated. The individual (true) stress- 
strain curves obtained in the various tests were used as the basis 
for the determination of theoretical stress and strain conditions 
of instability under plane strain and balanced biaxial tension. 

As might be expected, the tubes which had been subjected pri- 
marily to internal pressure failed by splitting longitudinally. 
The fracture appeared to be rather brittle; furthermore, the oc- 
currence of a longitudinal fracture in the specimen tested with a 
ratio of circumferential stress to longitudinal stress of 3:4 indi- 
cated that the ductility in the circumferential direction was 
considerably less than in the longitudinal direction and possibly 
low enough to cause brittle fracture. Measurements of the dis- 
tribution of thickness h, around the circumference at the longi- 


281 


282 


tudinal center of fracture for this tube showed no definite evi- 
dence of local necking, Fig. 1. This therefore indicates that 
if any instability took place it occurred at a strain very near the 
limit of ductility. 

The instability condition can be applied only if the ductility of 
the metal is sufficiently high to exceed that required by the neck- 
ing condition. Measurements of the thickness distribution for 
tubes tested under balanced biaxial stress (s;/s, = 1) and in 
plane strain (s2/s; = 1/,), Fig. 1, reveal the presence of necks. 
The presumably uniform normal] strain under both of these load 
conditions was considerably less than the normal strain at the 
fracture, which was approximately the same for all three tubes 
that failed longitudinally. 

Thus it appears that the two tubes representing balanced bi- 
axial tension and plane strain were suitable for a comparison of 
the theoretical with the experimental instability conditions. 

First, however, the validity of the instability condition for the 
tube tested in pure longitudinal tension was confirmed. The load 
reached a maximum, Fig. 2, and from measurements of the thick- 
ness (radial strain, e) and diameter (circumferential strain, 2) 
of the fractured specimen, a neck was found to extend over ap- 
proximately 1 in. on each side of the failure. The remainder of 
the tube was strained rather uniformly, by a value of natural 
longitudinal strain, ¢ = —2e, = 0,39. This is practically the 
same value as that obtained by graphical solution, Fig. 3. 

The pressure versus strain curves obtained for the tubes sub- 
jected to internal pressure show the decrease in slope which gen- 
erally precedes a maximum, Figs. 5 and 7. However, no de- 
crease in load was observed because of the explosive failure which 
occurs. Such failure is expected when the forces become un- 
balanced, i.e., when instability starts. 
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For the two combined tension tests made under balanced bi- 
axial tension and plane strain, the thickness measurements taken 
around the circumference of the tubes at the longitudinal center 
of the fracture also showed no pronounced distinction between 
uniform and local straining, as the thickness gradually decreased 
toward the fractures, Fig. 1. This type of nonuniformity of 
strain which may be caused to some extent by slight variations in 
wall thickness of the original specimens, makes it difficult to 
determine definitely the circumferential strain at the moment of 
instability. 

However, in the case of perfectly balanced biaxial tension, the 
uniform strain can be derived indirectly from the condition that 
before instability occurs the circumferential strain will equal the 
longitudinal strain; and since the fracture occurs in the longitu- 
dinal direction, the longitudinal strain should discontinue as soon 
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as instability is initiated. Therefore the uniform strain in the 
longitudinal direction should be the same as the circumferential 
strain present at the start of instability. However, for the case 
considered, the circumferential stress (s;) was approximately 13 
per cent higher than the longitudinal stress when instability 
started; consequently there was a corresponding difference be- 
tween the longitudinal and circumferential strains, Fig. 4. A 
value of circumferential strain equal to 0.128 at the point of in- 
stability was obtained by extrapolation of the curve in Fig. 4 to 
the measured value of uniform longitudinal strain of 0.092. The 
corresponding value of normal strain is 


6 = —e—e, = —0.092 — 0.128 = —0.22 


The strain values obtained by graphical solution of the necking 
condition, Fig. 6, were «, = 0.13 and e; = 0.25. They are again 
in good agreement with the experimental values. 

In the case of plane strain, Fig. 7, the lack of any change in 
length (ce, = 0) of the specimen makes it impossible to use this” 
strain as a criterion of the point of instability; and the lack of a 
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region of uniform thickness about the circumference after frac- 
ture, Fig. 1, eliminates a second possible method of determining 
the uniform strain. However, the measured average circumfer- 
ential strain may be used as the experimental strain at insta- 
bility, although it is somewhat inaccurate because of the small 
effect on the average value of the larger strain at the neck. 
Measurement of the outside diameter after fracture at points 1/2 
in. beyond the ends of the fracture yielded a mean value of 1.699 
in. This value may be corrected by the corresponding thick- 
ness (0.081 in.), obtained by extrapolation of the outside-diame- 
ter versus thickness curve, to yield a value of uniform natural 
circumferential strain of e, = 0.175. 

As in the case of pure tension, the accuracy of the ‘theoretical 
necking strains” for the tubes investigated depends upon the ac- 
curacy of the slope measurements. Also, there is likely to be some 
additional error because of the scarcity of experimental points 
in the vicinity of the region of necking, with the corresponding 
uncertainty in the shape, and thus the slope of the curve. 

The graphical solution of the instability condition for plane 
strain yields a strain value « = —e,; = 0.19 (approximately) 
which is again in good agreement with the experimental value 
« = 0.175, Fig. 8. 

Thus the analysis of tubes subjected to internal pressure con- 
firms the conception that a maximum in the internal-pressure 
curve of a sufficiently ductile metal is associated with a localized 
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strain region or “‘neck”’ in the circumferential direction, and a lack 
of any further strain in other parts of the specimen. 

The investigation of the various load conditions also reveals 
that in accordance with the theoretical analysis, a thin-walled 
tube subjected either to “pure” internal pressure (plane strain) 
or to balanced biaxial tension will fail by instability at a consid- 
erably smaller circumferential strain than the longitudinal strain 
which occurs on necking of a tensile test specimen made from the 
same metal, Figs. 3, 6, and 8. A tube’subjected to pure internal 
pressure will become unstable at only approximately one half of 
the circumferential strain as a tube subjected to pure longitudinal 
tension. It can be shown that the conventional strength is a func- 
tion of these strains; and the bursting strength of tubes, there- 
fore, should be considerably lower than the tensile strength, the 
difference depending upon the strain-hardening characteristics 
of the metal and the degree of biaxiality. 

In Fig 9 the three principal strains at the point of instability 
are represented for the tubes tested by Davis, as obtained both 
experimentally and by theoretical analysis. The experimenta- 
tion also covered four tubes not analyzed, which were subjected 
to a major longitudinal and to a minor circumferential tension. 
As previously discussed, the experimental evidence indicates 
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that the longitudinal strain at which a circumferential neck oc- 
curs should decrease as the internal pressure superimposed on the 
longitudinal tension increases, Fig. 9. The condition that the 
longitudinal load reaches a maximum, obviously does not ac- 
count for the observed changes in longitudinal necking strain with 
increasing internal pressure, until balanced biaxial tension is 
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The instability condition has been developed in such a manner 
that it may be used to predict the forming limits by necking from 
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the true stress-strain curve in pure tension for various conditions 
of geometry and stress ratios. 

The data on copper tubing offer the opportunity to investigate 
the possibility of predicting the instability strain in this manner 
since the relation between the stresses and strains are known for 
this condition of geometry. As was previously mentioned, such 
application involves the assumption that true stress-strain curves 
for various stress states will be similar (particularly regarding 
slope), if the maximum shear stress is plotted against the largest 
absolute strain. While this maximum shear-stress criteria for 
flow may lead to considerable error in stress value, it can be 
shown that no considerable error in predicted strains will result. 

In this paper only cases of uniaxial (s; = s; = 0) or biaxial ten- 
sion (s; = 0) are considered and therefore the curves for various 
stress states should be similar if the largest stress s; is plotted 
against é€max. 

Fig. 10 shows such a plot for copper tubing in various stress 
states from s2/s; = 0 to s2/s; = 1. While these curves are not 
identical, it must be remembered that the slope of the curves is 
of greater importance than the ordinate value in determining the 
necking condition and that for a given abscissa value, the slopes 
for the various curves are nearly identical. 

The instability theory has been applied to the true stress- 
strain curve in pure tension to predict the necking strain for cop- 
per,tubes in plane strain and balanced biaxial tension, as shown 
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in Fig. 11. Table 1 shows these values together with those ob- 
tained by the instability theory from the stress-strain curve for 
the particular stress state considered and also for the actually 
measured forming limit. These strain values obtained from the 
stress-strain curve in uniaxial tension are in good agreement with 
those derived experimentally. 


TABLE 1 STRAIN VALUES FROM STRESS-STRAIN CURVES 
AND MEASURED NECKING STRAIN 


Necking strain 
from stress-strain Necking strain 
curve corre- from stress- 


Stress ratio sponding to strain curve in Measured 
in tubing stress state pure tension necking strain 
= =0 a = 0.40 a = 0.40 a = 0.39 
35) = +f. = a = 0.11 
= 1 a 0.13 a 0.125 fee eral 
= = 1/2, a = 0.19 a = 0.20 e = 0.175 


* Corrected to apply to the stress ratio of s:/1 = 1. 
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TypicaL Contour-ForRMING MAcHINE IN Wuicu TENSION Is ComBINep Wirth BEeNnpING 


Distortion Due to Contour-Forming of Extru- 
sions and Preformed Sheet-Metal Sections 


By WILLIAM SCHROEDER,! BURBANK, CALIF. 


The effect of springback on the radius of curvature due 
to contour-forming of extrusions or preformed sheet-metal 
sections is analyzed. A number of the commonly used 


methods of forming are considered. Equations for com- " 


puting values for change in radius are derived and sample 
calculations are compared. : 


NOMENCLATURE 


The following nomenclature is used in the paper: 


a = area 
b = width 
c = distance from innermost fiber to neutral axis of bend- 
ing 
d = depth of section 
e = strain 
é, and e = strains due to forming; outer and inner fibers, 
respectively 
« and e, = components of elastic strain due to springback that 
cause a change in radius; outer and inner fibers, 
respectively 
«, and e, = components of springback strain at point (a, y) due 
to elastic bending about the X- and Y-axes, 
respectively ; 
F = force 
I, and I, = moments of inertia about the X- and Y-axes, respec- 
tively 
I,, = product of inertia about the X- and Y-axes 


1 Research Engineer, Lockheed Aircraft Corporation. Mem. 


A.S.M.E. 

Contributed by the Metals Engineering Division and presented at 
the Aviation War Conference, Los Angeles, Calif., June 11-14, 1945, of 
Tue AMERICAN SocieTy or MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


oar 
Solty 
m = first moment of area 
M = moment of force 
q, and q, = parameters 
r = modulus of strain-hardening or slope of true stress- 
strain curve 
R, = radius of part 
Ra = radius of die 
Rk’ = transverse radius of curvature due to springback dis- 
tortion 
s = true stress 
s = yield strength of material or s, whichever is greater, 
see Fig. 5 
x and y = co-ordinates with reference to X- and Y-axes 
xz = distance from vertical reference in section to centroid 
of area 
y = distance from inner fiber to centroid of area 
Yq = distance from inner fiber to axis, parallel to neutral 


axis, which divides area of section equally 


INTRODUCTION 


Several methods for computing springback in contour-forming 
have appeared in the technical literature.?} These, however, 
apply only to one type of forming, namely, simple bending, and 
are trial-and-error methods which are very laborious. Many of 
the present methods of contour-forming have not previously been 
analyzed. 

The springback resulting from contour-forming extrusions and 
preformed sheet-metal sections may conveniently be classed as 


2“Data on Springback of Metals,’ by R. E. Oestreich, Aero 
Digest, vol. 45, 1944, pp. 77-81 and 138. 
3 “Determining Springback,” by R. G. Sturm and B. J. Fletcher, 


Product Engineering, vol. 12, 1941, pp. 526-528 and 590-594. 
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Fig. 2 TyprcaL Contour-FormiIng MacHINE OPERATING ON 


PRINCIPLE OF SIMPLE BENDING 
(Tlfe part is bent by the rolls to the contour of the curved steel bar.) 


consisting of a change in the over-all length or a change in radius 
of curvature of the part. 
ally of little significance because parts are normally trimmed to 
the desired lengths after forming; however, a change in curva- 
ture usually produces a significant error in contour that must be 
corrected. For this reason, changes in radius due to springback 
will be treated as important and changes in length as incidental. 

In the hand-forming methods of forming stringer sections, the 
effect of springback may be corrected in the process of forming. 
When contour-forming machines‘ of various kinds, requiring dies 
or form blocks, are used, it becomes desirable to be able to predict 
the change in curvature due to springback in order to reduce the 
developmental costs of the dies. 

The amount of radius change depends upon the forming 
method employed. Simple bending methods produce relatively 

* large changes in radius while contour-stretching methods produce 

much less. Many parts can be formed with these contour- 
stretching machines without excessive springback; nevertheless, 
under certain conditions springback allowance in the dies must 
still be made. 


SPRINGBACK DUE TO CONTOUR-FORMING 


The phenomenon of springback may be explained in terms of 
the stress-strain relationship for a bar loaded in tension and com- 
pression, as shown in Fig. 3. If the loading is interrupted at some 
point as at a and the load removed, the stress and strain decrease 
on the line a toc. The elastic recovery or decrease in strain is 
from btoc. Ina similar manner, unloading the bar from point a’ 


4 “Methods of Forming Aluminum Alloy Extrusions and Preformed 
Sheet Metal Sections,’’ by William Schroeder, Automotive and Avia- 
tion Industries, vol. 90, 1944, pp. 28-31 and 100. 

5 “Hlastic Theory in Sheet-Metal Forming Problems,” by F. R. 
Shanley, Journal of Aeronautical Sciences, vol. 9, 1942, pp. 313-333. 
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TRUE STRESS 


STRAIN 
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Fie. 3 Srress-SrraAIn CURVE AND SPRINGBACK IN TENSION AND 
COMPRESSION 


in compression changes the strain from b’ to c’.. The amount of 
plastic recovery is indicated for a number of values of strain in 
order to show the approximate manner of variation with strain. 

It has already been mentioned that springback from contour- 
forming depends upon the method and technique of forming. 
The amount and nature of springback furthermore depend upon 
the shape of the section. For the purpose of discussion, a number 
of typical cases will be discussed. 


MerxHop J—Formine To APPROXIMATE Contour, Heat-TREAT- 
ING, AND STRETCHING TO FrnaL ConTOUR 


One method which may be expected to give a negligible amount 
of change in radius due to springback is to form the part approxi- 
mately to contour by any of the contour-forming methods, follow 
with a solution heat-treatment or anneal, and stretch the part be- 
tween 1 to 3 per cent over a block or die. This produces approx- 
imately the result illustrated in Fig. 4. 


O7o 


BY METHOD | POINT O AND O’ COINCIDE. 
Fic. 4 Errsecr or SprinegBackK BY Forminae Mertuop I 


Owing to the heat-treatment following the forming, all fibers 
have the same temper at the time of stretching. Furthermore, | 
all fibers are subjected approximately to the same stretching stress 
and strain since the part is already formed nearly to contour prior _ 
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to stretching. The elastie recovery is therefore proportional to 
the curved length of the fiber. Hence the fibers terminating 
on the plane A-A, while under stretching load, spring back to the 
position in plane B-B. If the line B-B is extended to intersect 
with line C-O, it is found that the new center of curvature O’, 
coincides with the center of curvature O, before springback. 
Hence the radius of curvature remains unchanged even though 
the curved length has decreased. 

This result applies equally to all sizes and shapes of cross sec- 
tions. There is, furthermore, no tendency for the part to distort 
out of the plane of bending or become twisted. ; 

Inconsistencies in this and all the following methods may result 
from nonhomogeneity of strength distribution over the cross sec- 
tion of the part. 
with a nonhomogeneous grain structure. 


Meruop II—Formine To APPROXIMATE CONTOUR AND STRETCH- 
ING TO FrnaL ConTouR 


When parts are formed to approximately the correct contour 
and subsequently stretched without intermediate heat-treatment, 
a result somewhat different from Method I is obtained. The 
material becomes strain-hardened nonuniformly in the forming 
operation, the strain-hardening being greatest in the outer and 
inner radius fibers and decreasing toward the middle. Spring- 
back from stretching a part with such nonuniform strain-harden- 
ing will generally produce slight distortion. The amount and 
type of distortion will depend on the shape of the cross section 
and the method of contouring. The part will also distort from 
the plane of bending if the cross section or distribution of strain- 
hardening is not symmetrical about an axis parallel to the plane 
of bending. (The plane of bending corresponds to the Y-axis 
n the figures of this paper.) 

Since a wide variety of conditions for this method can exist, 
each leading to a different result, no attempt to solve any specific 
case has been made. 


Mernop III SmunitTanzous Wrap AND STRETCH-FORMING 


Wirs Constant Force 


One rather common method of contour-forming consists of 
bending and stretching progressively. By this method the part 
is usually first loaded in tension to a stress corresponding to a 
very small permanent set. The part is then wrapped around the 


NEUTRAL AXIS : ae 


OF BENDING 


(b) Free body diagram 
Fie. 5 Conrour-ForMING AN EXTRUSION, OR PREFORMED SECTION, 
Wirx Constant TENSILE ForcE 


(a) Geometry of bend 


Such nonhomogeneity is sometimes associated . 


die. This wrapping action is basically one of bending. It 
differs from pure bending by the fact that the bending is done 
under the influence of the tensile force, Fig. 5. Simple bending 
may be considered as a special case in which the force 7’ = 0. 

Neutral Axis of Bending With Tensile Force. As a step in 
analyzing the effect of springback on the radius, the neutral axis 
of bending will be considered first. 

From the geometry of the bend, Fig. 5, it may be seen that 


dL dL 
do = Se Ae (1] 
Ratd fg 
By definition 
din oy 4 
dL = Calter uemeraaeietinan caer sterieyeusiers [ ] 
and 
dn 14 
an = ron Gap OLE RO OWES BO eo [ ] 
where dL) = unstrained length of dL; and dL». 
Therefore 
1+ 1 
Bete oO toy A Aside [4] 
Ra +d Ra 
or 
d — 
= : SH NRO ae ae. [5] 
d + e 


Stretching of the straight portion of the part may result from 
the original application of the tensile force; however, the main 
forming action takes place in the region adjoining section A-A, 
Fig. 5. The stress conditions are approximately as in Figs. 5(b) 
and 6. The outside fibers elongate and increase in strength ac- 


TRUE STRESS 


Fic. 6 Srress-Srrain Reiation ror Contour-Formina WITH 
Constant TENSILE ForcE 


cording to the stress-strain behavior of the material. In order 
for the material between sections A-A and B-B to be in equi- 
librium, it is ne¢essary that the net force represented by the area 
under the stress-distribution curves for sections A-A and B-B be 
equal. This condition is expressed by 


SS /Absd ye tase =| Ones dice nes 2s (6] 
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It is assumed that the strain imposed by bending is propor- 
tional to the distance from the neutral axis. In this case, the 
neutral axis of bending is defined as the fiber in the section that 
has zero stress. 

The solution of Equation [6] depends on the relation between 
s and y, which in turn depends upon the stress-strain diagram. 
An exact solution is difficult to obtain; however, a useful solution 
may be obtained by assuming that the stress-strain diagram 
a-b-c, Fig. 6, may be expressed by ; 


$b Soptewre,, demu sca eres Cee (7] 
“and a-b’-c' by 
9.) SS, 8, Soiree. wea te ee [7a] 
In this expression 
y 
a Naat eS TAO OS NS Ue Oe 8 
ee [8] 


where y is measured from the neutral axis of bending. 

For all cases except s, = 0 (pure bending), it may be assumed 
that 8s) = s, For s, = 0, s equals approximately the yield 
strength of the material. 

Substituting Equations [7], [7a], and [8] into [6] gives 


d—c¢c 0 d—c b 
ay bey + fh bay — ff —rydy + as) = 0. [9] 
0 —c —c Ry 
or 


c) tas =0....... [9a] 


Ti 2s 
Rp, 4 


where 
d—e 
tp, = yf bdy = area above neutral axis 
0 
and 


0 
a= ff bdy = area below neutral axis 


c 


Equation [9a] will be evaluated for cross sections composed of 
rectangular components as in Fig. 7. It may be demonstrated 
that (a, — a) is equal to twice the shaded area between y, and c, 
where y, is the distance from the inner fibers to an axis, parallel 
to the neutral axis, that divides the cross-sectional area into two 
equal parts. Several special cases have been evaluated as fol- 
lows: 
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Case (a): When ya 2 y:, Fig. 7. Igor this case, Equation [9a] 
becomes 
rs s 
—= 2abi (yz — ¢) — — aly — c). + agi= 0.0.50. {10] 
Ra 
and 
2biy, + Kay —a 
TS 3 GE IN fs 3 11 
2b; -} Ka [ 
where 
Fe 
TS == 
: Solty 


Case (b): Ya > yi > ¢, Fig. 7. Substituting into Equation [4a] 
Ta = 
— 2sobe(Ya — yr) — 28ob1(y1 — ¢) — R, (y—e) + as = 0.. [12] 
a 


and 


ox Bea = mn) + Buys + Kay 
2b, + Ka 


Neutral Axis in Simple Bending: 
(a) For simple bending the value of c lies between y, and 4; 
and T =0. Whenc 2 y, andy, < "1 


— 2biya + Kay 


SMETU Cia a [14] 
(b) For y, < yande > y: 
a 2b1(Ya — 1) + 2b + Kay 
c= kar eee [15] 
(c) Fore > y, and ye & y1 
_ 2biy, + Kay 
Tig Rep meee as Seb) [15a] 


DprERMINATION OF Part Raprus Arrer SPRINGBACK 


The springback in contour-forming with a constant tensile 
force may be analyzed by considering the moments required 
for bending and the change in moments due to springback. The ~ 
bending moment depends upon the shape of the section and the 
plastic properties of the material, while the moment due to spring- 


back depends upon the elastic properties of the section. The 

following equilibrium conditions must be satisfied ; 
LM sem Ons derinte cn giatatn dite Mere oe (16] 
Di. = Obed cistron ati agaesrayn cnet (17) 
DE. = Ol ay terse gee eee [18] 


where 


M, and M, = moments about the X- and Y-axes, respec- 


~_,_ BENDING ~~ _ 
“NEUTRAL AXIS ¥1 ¥ Ya 


Geel ie d 


Fic. 7 Dimensions REQUIRED FoR ComMPuUTING SPRINGBACK DuE 


vo Conrour-ForMING 


x me {. tively 
: oem i x F, = force normal to X-Y plane 
b; ae A } 
f x | a In this case, the X- and Y-axes are taken through the 


centroid of the section with the Y-axis in the plane of bend- 
ing. 

Since springback is a purely elastic phenomenon, the 
principle of superposition may be applied and the changes in 
stress and strain may be resolved into components as due to 
bending about each of the two axes and a uniform change - 
in strain normal to the X-Y plane. The uniform 
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strain component produces no distortion, as previously explained, 


and can therefore be neglected in the following discussion. The 
other elastie components are related as follows 
CMS AR INE YO. Crea Oe SNR NG Cae {19] 


Since Equation [18] yields information only on the uniform 
component of strain, it may be omitted from further discussion. 

Based on Fig. 5, the moments due to bending are expressed 
by 


and 


where Wh means a surface integral over the cross-sectional area 


and da refers to an area element with dimensions dy and dz. The 
changes in moment due to springback are 
Was ay J REL EU CO cre ne eet ce eis a 22) 
and 
Miyiia yf Mendaescevasn exotis 500 [23] 
Substituting into Equations [16] and [17] 
Jf yda + fl Beda... [24] 
and 
| ee re [25] 


The solution of Equations [24] and [25] Mepends mainly upon 
the stress-strain curve between points c’ and c, Fig. 6. An 
approximate but useful result is again obtained by assuming 


S$ = &% +reands = —s + re 


The elastic bending strain e may furthermore be assumed to be 
composed of «, and e,, where e, is due to bending about the X- 
axis, and ¢«, due to bending about the Y-axis. Assuming that 
planes before forming remain planes after forming ‘ 


€z1 —— €x2 


and 


For the condition after springback, Equation [5] becomes 


d as (€1 — €21) — (€2 — ez) 


5 E.G 93. CaeRCIanoe 28 
Ry 1 + + €xe 
and 
d d oa a d BG) 
Ei aa ie HESS 5 ib [29] 
R Ra 1+ é@ Ry De a 
This may be rearranged to give 
R 
Rp = See ee oN (30) 
1 a qRa 
1 + 2 


The distortion arising from springback tending to bend the ex- 
trusion from the plane of bending may be expressed in terms of 


NEUTRAL AXIS ' 
OF BENDING 


Fie. 8 Srramn Revations in Cenrroipa, Prange Asour X-Axis 
Due To Forming AND SPRINGBACK 


q,. The transverse radius of curvature R’ is obtained by sub- 
stituting ey; and eye for e and ¢, respectively, in Equation [5]; 
thus 


d —e 
R’ = im a ee OB armen CayBiaris oii nieteme ls iahes eiewe (31] 
Combining Equations [31] with [26] 
ah 
Ee ed a tsi iN PD ER 2 [32] 
W 


Values for g, and gy may be obtained by solving Equations [24] 
and au After substituting for s and e, Equation [24] becomes 


c—y 
Lv ecu wnt fy 
Rad s 


+8 f ev apivde=0..(88 


and 


80(mz1 — M22) + ae 


T = 
I, + = a(c—y)? Ly = 
R, + R, a(c—y)? + Eg,1, + Eq,I, = 0 


where 


mz, = first moment of area above the neutral axis of bending 
taken about the X-axis 

Ma, = first moment of area below the neutral axis of bending 
taken about the X-axis 


Similarly Equation [25] becomes 


So(My1 — mye) +e y, Iaa Se bl) ae Job Uy Ds mora6e (35) 


where 
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my = first moment of area above the neutral axis of bending 
taken about the Y-axis 

My = first moment of area below the neutral axis sof bending 
taken about the Y-axis 


It may furthermore be demonstrated that in Equations [34] 
and [35] 


Mz = —Mz and my, = —mMy 


In computing springback for the conditions of forming with a 
constant tensile load, specific values are substituted into Equa- 
tions [34] and [35] to solve for the values of g, and q,. The 
values of g, and q, are then substituted into Equations [30] and 
[82] for R, and R’. 


Forminc Meretruop IV—Simu_Tangous Wrap AND STRETCH 
Formine WiTH INCREASING TENSILE Forcr 


When the extrusion is contoured and stretched with an increas- 
ing tensile force the whole section is subjected to tensile stress 
and the neutral axis, as defined, does not exist. Since the X- and 
Y-axes are centroidal axes and under the present condition the 
area above the neutral axis is the whole area a, and the area below 
the neutral axis is zero, it follows that 


Ma = M22 = My = Mp = 0 
From Equations [34] and [35] 


=O and ¢, = — 7 
d 


Substituting these values into Equations [30] and [32] 


and 


R’ = o (no transverse curvature).......... [37] 


Discussion or Forminc Mrruops 


Comparison of Springback. The relative amounts of radius 
change resulting from the foregoing forming methods are com- 
puted for one specific condition and comparedin Tablel. It may 
be seen that the radius change is negligible for Method I and is 
progressively greater for Methods IV, III with tensile pull, and 
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TABLE 1 COMPARISON OF COMPUTED RESULTS FOR 

FORMING A 2/4- Ley X_1-IN. BY 0.070-IN. EXTRUSION WITH 2/,-IN, 
EG IN PLANE OF BENDING 

24S-T aluminum alloy; and Ra = 20 in.) 
Part radiusin Resulting transverse 
plane of bending radius of curvature 
Method of forming 'p, in, R’, in. 
Das céjaan oicleleredsveset nee baettians Rue ae 20 © (no distortion) 


II (values not computed but range 


ee 


is estimated)).j.+. ass/%«.Jjns 20-20.55 6000— 
III (a) 8: = 53,000 psi............ 20.94 6000 (slight) 
III (b) s¢ = O (simple bending)..... 22.6 71 (appreciable) 
TE Vinstevnetratslercvetareveie te tecerterererenerets eters 20.55 ® (no distortion) 


Method JII without tensile pull (pure bending). The results 
for Method II are difficult to predict but are expected to range 
between the results for Methods I and IV. Of the methods dis- 
cussed, I and IV will produce little tendency to distort the part 
from the plane of bending even though the section is not sym- 
metrical about the Y-axis. 

In any of the methods that involve stretching it is important 
that the jaws for gripping are so designed that they will develop 
the necessary gripping force without weakening or twisting the 
section to be formed. Another serious difficulty of contour- 
forming by stretching is due to friction between the part being 
formed and the die. This friction makes it difficult and some- 
times impossible to stretch the part throughout the length in con- 
tact with the die when using MethodsI and II. This factor may 
also interfere with the proper execution of Method IV. The use 
of a good lubricant and vibrating the die are beneficial for reduc- 
ing friction between part and die. 

Experience may show that friction between the part and die 
may make it impractical or impossible to attain the conditions 
assumed in Method IV, and that minimum amounts of springback 
in practice will correspond more nearly to those for Method III 
using a constant tensile force. 


Accuracy oF RESULTS 


There has been little opportunity to compare computed with 
measured values for change in radius due to springback. Where 
checks have been possible the results have agreed within the 
limits of accuracy of the measurements. Due to the simplifying 
assumptions that were made some slight disagreement between 
computed and measured values may be expected; however, ex- 
perience has indicated that the error from this cause is consider- 
ably less than the variation that may be expected from non-— 
homogeneity and variation in physical properties of material used 
in forming. 


(Owing to travel emergency conditions existing when this paper was presented, discussion will be accepted until June 17, 1946) 


Design Considerations for Welded 
Machinery Parts 


By G. L. SNYDER,! COATESVILLE, PA. 


Only some basic considerations for the designer in 
developing weldments are brought out in this paper, be- 
cause of the wide scope of the subject. Separately, these 
basic considerations may seem elementary and self- 
evident, but when considered collectively in developing a 
weldment, their complexity becomes apparent. At least 
twelve different types of components can be utilized by a 
designer in his weldment and each of these components 
can be used in several ways. So, the designer must be 
familiar with limitations in processing weldments and 
with the scope and limitation of equipment and methods 
used in their production. These are the factors discussed 
here. However, this discussion is limited to dynamically 
loaded welded machinery parts. 


| | OT-rolled steel plate, a basic element, probably is the most 
universal component used in welded machinery parts. 
Undoubtedly, the freedom offered by the many sizing 
and shaping possibilities of hot-rolled steel plate has much to do 
with its widespread use as weldment components. Basically 
flexible raw material from the stand-point of dimensions, hot- 
rolled plate is obtainable in variable sizes to 195 in. wide or to 
25 in. thick. ; 


Fiat Components 


Shearing usually is the most economical method of sizing or 
shaping a plate to rectangular or circular dimensions. But when 
a plate is to be sheared to size, the designer should keep in mind 
the existence of shear droop which is the abrupt break in flatness 
that occurs around the sheared edge, because localized stresses 
imposed by the shearing pressure exceed the elastic limit of the 
material. Since this effect is confined to the area adjacent to 
the edge, it can be practically disregarded when the component is 
subjected to subsequent trimming or when it is in light gages, 3/s 
in. and under. 

Flame-cutting undoubtedly is the most common method of 
shaping and sizing weldment components, particularly when the 
number of duplicate weldments required is small. Probably a 
big reason for this is the fact that many components of weldments 
necessarily are irregular in shape. 

Since regular configuration generally is cheaper, the designer 
should think in such terms where possible. However, he need 
not be concerned if an edge is sheared or flame-cut so long as he 
designs the part so that the supplier is free to use either method or 
both on a particular component. 

Fig. 1 shows an example of component produced entirely by 
flame-cutting. Fig. 2 is a plate part produced by a combination 
of shearing and flame-cutting. 

Of course, in addition to shaping and sizing, the cutting torch 
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Fig. 1 Component Fuame-Cur To SHaps rrom Hor-Routiep PLATE 


Fie. 2 Prater Component SHAPED BY SHEARING AND FLAME- 
CurtrinG 


also makes welding chamfers, or kerfs, on the edges of a com- 
ponent which provide the ‘‘grooves” for welds, other than plain 
fillets, when assembled with adjoining components. 

Tolerance on components, disregarding the method used in pro- 
ducing them, merits careful consideration by the designer of weld- 
ments for an accumulation of tolerances can cause costly diffi- 
culty in fabrication, as is shown in Fig. 3. This illustration pic- 
tures a highly improbable coincidence of tolerance accumulation. 
Nevertheless it could occur within the limits of necessary com- 
mercial tolerances on flatness and straightness. Tolerances are 
important considerations on flatness and straightness, particu- 
larly if the fabricator’s facilities for performing such operations 
cannot be operated as cheaply as those of the supplier of com- 
ponents, ; 

Often it is advantageous to size components on machine tools, 
if only for the reason that much closer tolerances are obtainable. 
For a complicated assembly with much welding on it, prefabrica- 
tion machining is indicated. Also, at times, machining of com- 
ponents will help achieve close tolerance on a complete weldment. 
The more generous the tolerances on components, the more preva 
lent the gaps in fitting. Gaps require the deposition of a 
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VARIATION FROM FLAT IN WEB 
Ye PLATE 


VARIATION FROM = TOTAL 
Ya 4 VARIATION 


FLAT IN FLANGE 
| ————— = ———S— 


DESIRED 


SECTION TOTAL VARIATION 24" Ya" Ve 


15-0" 


Fie. 3 Box Beam SHowina ReEsuLTS or CAMBER AND FLATNESS 
TOLERANCES 


greater amount of weld metal, thereby increasing costs and de- 
stroying the metal-to-metal contact which resists tendencies to 
shrink or warp. 

The main structural parts of the weldment shown in Fig. 4 are 


Fie. 4 16-CyiinpErR, V-Typs, Weipep Disser-ENncinrn FRAME 


premachined. Since this item is one of mass production, indi- 


vidual peculiarities in each weldment caused by the nonuniform 
accumulation of component tolerances could not be allowed. 


Sometimes design considerations dictate prefabrication ma- 


CONCENTRATED LOAD CONCENTRATED LOAD 


Fic. 5 Jorn, Betrwern Heavy Fiance anp Wes, SHowina Ma- 
CHINED Epern at Lerr anp FuLti We tp ar Rica 
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een FLAMECUT KERF 


EXCESS 
WELD 


MACHINED KERF 


Fic. 6 Comparison BerwreEn “U” anp “V”’ Wetpine Kerrs 


chining as in the case of the joint between the heavy web and 
flange shown at the left in Fig. 5. This might be a detail of con- 
struction on the bed of a large hydraulic or mechanical press. 
The loading in the region of the compression flange of those ma- 
chines is such that the joint detail, shown at the right in Fig. 5, 
would be necessary if the edge of the web were not machined. 
When machined, the metal-to-metal bearing, to withstand con- 
centrated compression loads, is 
achieved. Fillet welds as indicated in 
this illustration are adequate then for 
withstanding the horizontal shear com- 
ponents in this region of the beam. 
The edging of such webs to a rela- 
tively close tolerance is asimple opera- 
tion on a plate planer. 

Another reason for prefabrication 
machining is the provision of economi- 
cal welding kerfs in combination with 
good joint fit-up, particularly in weld- 
ing thick plates. A kerf must be suffi- 
ciently wide to clear the tip of the 
welding electrode to permit the de- 
positing of weld metal at the root of 
the weld; for as the plate thickness 
increases, it is apparent that the 
amount of metal wasted in the an- 
gularity of V-shape flame-cut kerfs in 
contrast to the U-shaped ones, as 
shown in Fig. 6, becomes an impor- 
tant factor. ; 

Prefabrication machining is necessary, too, in instances of con- 
flicting tolerances, in the fitting of circular components within 
each other. Studies of minimum tolerances reveal that gaps be- 
tween pieces so fitted are inevitable but machine fits reduce such 


PREMACHINED CONTOUR 


Fie. 7 Borrom or Hyprauuic CyLtinpEr, TypicaL or THosr Usep 
In Heavy Hypravutic Presses 
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Fie. 11 


gaps to a negligible point. Prefabrication machining is neces- 
sary at times, also, for providing proper contours in highly stressed 
weldments, or in those subject to fatigue. Fig. 7 shows such an 
instance in the bottom plate of a hydraulic cylinder premachined 
to provide proper curved contour at the corners. This sketch 
also illustrates an application of machined kerfs on thick plates, 
Fig. 8 shows the cylinder of a hydraulic press designed on such 
principles. : 

Another method used frequently for shaping plate components 
is “blanking” or “punching” on a power press. This operation 


WeELpMENT SHOWING UTILIZATION or FLUED OPENING 
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Fic. 9 BLANKED, AND BLANKED AND PuncuEp Components Mapp 
or 1/4-IN-Tuick Sree, PLare 


which is simply shearing, using knives of special shapes, can be 
justified, usually, only when quantities required warrant the ex- 
pense of dies. Fig. 9 shows typical blanked or blanked and 
punched pieces. 

A simple example of blanking or punching is the shearing of a 
rectangular plate. By blanking the piece only one operation is 
required in comparison to four operations for each piece which 
would be necessary in shearing. Hence.a comparison of blanking 
and shearing costs can be made merely by multiplying the cost 
of the added three shearing operations by the number of pieces 
required and comparing this with the cost of tooling. Naturally, 
the estimate will be approximate since the relative cost per hour 
of the machines used might affect the comparison. Another im- 
portant benefit gained by blanking is the comparatively close 
tolerance that can be achieved. 


Ce “Pormep” ComMponEnts 

Thus far we have considered only flat 
pieces in the preparation of compo- 
nents but we must give thought also to 
“formed”’ type components which are 
required frequently in weldments. Sev- 
eral methods are in general use for 
forming components for weldments. 
One of these is press-bending to make 
horizontal angular bends as are shown 
in Fig. 10. 

Definite reasons for forming opera- 
tions such as bending or fluing have 
been evolved. One is lower cost, for 
angular bends eliminate one or more 
welded joints. The cost of bending 
seldom equals that of the alternative 
assembly and welding. Careful exami- 
nation of the design proportions of 
metal sections might show the economy 
of using the same metal thickness of 
web and flange to utilize the advan- 
tage of a bent section. A bent ‘com- 


FLUED 
OPENING ae 


CLAMPING GAS-CUT 
OR BLANKED 


OPENING 


GASKET 


Fic. 12 Tur Formep Spar Cover at THE Lorr Is DrsiagNep TO 
Be Fastenep By AN INNER CLAMP 


(Assembly, welding and consequent warpage, and the cost of drilled and 
tapped holes are eliminated as in the case of the cover at the right.) 
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Fic. 13 Mettine Pots Ustnc FLANGED PrRopuctTs AS COMPONENTS 


ponent naturally is more rigid than a flat one. This can be 
important in the control of shrinkage and warpage. 

Another method often of value in component production is 
the specialized forming operation known ‘as fluing. Flued 
openings such as shown in Fig. 11, when machined, provide 
formed seats for covers. Generally, such a cover is designed to 
be fastened by an inner clamp as shown at the left in Fig. 12. 
Treatment permitted by the flued opening eliminates assembly, 
welding, and consequent warpage, and the cost of many drilled 
and tapped holes as shown at the right in Fig. 12. In addition, 
weight reduction is achieved. 

Another function of flued openings in weldments is to provide 
stiffening lips which are executed normally by welding a band 
around the opening where required by design considerations. 


Fic. 14 Corner Sramprnc ror Warrr-Cootep FurNacE Door 


Fic. 15 Furnace Door Ustn@ Corner Stampines SHOWN IN 
Fig. 14 


PRESSED 
CORNER PIECE 


FORMED ON BENDING BRAKE 


16 Exptopep View or Warrer-Cootep Furnace Door 
SHOWING CONSTRUCTION 


Fia. 


Since dies are necessary, flued openings are unwarranted 
economically unless the quantity of openings justifies their use. 
When flued openings are being considered the designer should 
consult the supplier for it is possible that dies exist which can be 
adapted. j 

Products of the flanging or spinning machines often are 
utilized to advantage in weldments, as their applications in the 
melting pots in Fig. 13 show. The bottom corners of the pot in 
the lower illustration are composed of a flanged head split in half, 
with one half serving for each corner. 

The use of flanged products as components may provide com- 
ponent rigidity, possibly simpler welding conditions, or a reduc- 
tion in welding. Flanging also provides curved contours which 
may be desired for proper functioning or for appearance.- 
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Fic. 17. Prarss 4 In. To1ck Formep ON BENDING ROLL ‘ 


Fie. 18 Pump Castine Utinizinc Components SHOWN IN Fie. 17 


SraMPING AND PRESSING 


When quantities justify, formed com- 
ponents produced in special shapes by 
forming dies on power presses may be 
used advantageously. Fig. 14 shows 
a small stamping and Fig. 15 shows 
the weldment in which four of these 
stampings form the corners of the piece. 
Forming, required on the remaining 
components, is done on a press brake. 
Fig. 16 shows the relation of the vari- 
ous components in this weldment. 

A useful method of shaping cylindri- 
cal contours is provided by bending 
rolls. A component formed in such a 
manner is shownin Fig.17. This com- 
ponent is seen readily in the finished 
weldment shown in Fig. 18. ‘ 


Suares FoRMED ON Routine MILL 


At times, shapes formed on a rolling 
mill may be used justifiably in weld- 
ments. Their value as components 
results from two factors: A reduction 
in cost because of elimination of weld- 
ing and initial rigidity which can tend 
to simplify fabrication problems of 
shrinkage and warpage. In consider- 
ing the use of structural rolled shapes, 
the tolerances possible in such rolling- 
mill products should be studied care- 
fully for they may affect adversely the 
design requirements. 

Steel castings are used extensively 
as components in weldments where 
economy in producing complicated 
shape requirements or special contours 
at given points in a particular assem- 
bly are involved. When castings are 
to be used in weldments their physi- 
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Fig. 19 Typrcat Usr or Drop ForGiIncs AND FLAsH-WELDING TO PRovIDE COMPONENTS OF IRREGULAR SHAPE AND DIFFICULT 
PROPORTIONS ; 


cal and chemical properties should be 
specified carefully. Also, where size 
permits, it is desirable to have cast- 
ings of electric-furnace steel which 
seems to possess greater cleanliness. 
This is important in obtaining good 
welds with minimum difficulty. 

Drop forgings also may be used 
when their size and quantity justify 
the investment in dies. This prod- 
uct has good homogeneous proper- 
ties, and when properly controlled, 
its tolerances are close. Fig. 19 shows 
such application where several drop 
forgings have been joined by flash- 
welding. 


FABRICATION OF WELDMENTS 


Having considered the production- 
and application: of components, the 
subject of fabrication from the de- 
signer’s viewpoint in developing a 
weldment is the next consideration. 
The first aspect covers the type and 
extent of available equipment in a 
weldery which will produce the pieces 
designed. Thisisimportant since the 
more flexible and extensive the equip- 
ment, the more freedom there is in 
design. In addition, when quantities 
are involved, advantage may be 
gained in designing the job to suit 
particular facilities of a weldery. 
Usually it is well to consult with the 
engineering staff of the weldery most 
likely to be involved regarding these 
matters, particularly if repetitive 
jtems are contemplated. 

Production methods concerning the 
fabrication,of weldments may be con- 
sidered from two aspects. The first 
involves the extent of what might be- 
termed ‘‘universal’’ equipment, such 
as positioning facilities, automatic 
Fic. 20 Two Speciatty DesigNep Fixtures ror TooLinc WELDMENTS IN QuantTiTy Propuction welding units, inspection methods, 
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Fic. 21 


and stress-relieving facilities. Many types and sizes of posi- 
tioning equipment are in use in welderies today. The other 
aspect involves special jigs or fixtures or other types of tooling 
that might be justified or imperative. Usually, if the product is 
to any degree repetitive in quantity, the possibilities in special 
tooling should be considered. 

Also to be considered by the designer to promote economy and 
quality is the possibility of breaking up the weldment into sub- 
assemblies in sizes to suit production equipment. If the final 
size of the part as designed exceeds the limits of available equip- 
ment, possibly it can be redesigned so that a minimum of han- 
dling of the piece in its final size is necessary. Often the use of 
automatic welding equipment with its finite scope and features 
merits a thought in designing the weldment, especially in con- 
sidering the advantage such equipment offers for cost reduction. 

With special tooling, the designer 
should keep in mind that he is dealing 
still with rough component parts de- 
spite measures that might have been 
taken to minimize tolerances. Weld- 
shop tooling naturally is more restricted 
than that usually available in machine 
shops. Tools, such as jigs or fixtures, 
should be designed with the necessity 
of flexibility in mind. Fig. 20 shows 
two special fixtures which are typical. 

Special tooling also might be man- 
datory in order to hold components in 
proper relation to each other during 
the welding operation. Fig. 21 shows 
a special fixture with the weldment in 
place. 

Although subassemblies frequently 
are important to the designer of weldments, design limitations 
often prohibit their use. Obviously, the more work done on 
small pieces, the easier and quicker will be the completion of the 
final assembly. 

A completely welded subassembly is shown in Fig. 22. The 
final weldment is pictured in Fig. 23. Here, design controls the 
method of fabrication, for the lower flange member could be 
made in one piece. In that case at least a portion of the sub- 
assembly welding would have been required on the larger and 
more cumbersome piece. 
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Hicu-Sprep Fan, anp Jig 1x Wuicu Ir Is WELDED 


Fie. 22 SuBaSSEMBLED COMPONENT OF A WELDMENT 
(Welding is completed before further assembly is done.) 


Fic. 23 Lower Section or WELDED GeraArR-REDucTION HovusInG 


Subassemblies of components should be made so that particular 
portions in certain instances can be sized before they become part 
of the final weldment. This practice helps insure that the final 
weldment is close to required dimensions. Where tolerances 
have accumulated, straightening or trimming might be involved. 
The effect of the welding on the completed subassembly from the 
standpoint of warpage or shrinkage has been eliminated as a 
factor on the finished weldment. 

Sometimes in very complicated structures involving con- 
siderable welding, various subassemblies are stress-relieved be- 
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Fic. 24 Wertprp SuBasspEMBLY WitH ALL WELDING READILY 
ACCESSIBLE 


TOP SURFACE 
TO BE MACHINED 


TOP SURFACE 
TO BE MACHINED 


Fic. 25 Weripmentr or Wuicu Susassempyy SHOWN IN 
Is a Parr 


Fie. 24 


Fic. 27 Srirrenrr ARRANGEMENT ON UNDERSIDE OF Macuine Bep 


fore’ being assembled into the whole structure to reduce the 
accumulation of residual stresses. Subassemblies also facilitate 
inspection of welds. At times, where x-ray inspection is speci- 
fied, subassembly welding is necessary, for if the welding were 
not completed and x-rayed in the subassembly, the interference 
of adjacent components in the completed assembly might make it 
impossible to x-ray or repair such welds. At times, subassem- 
blies are welded completely when they include compartments 
subjected to pressure or oil-retention tests. 

Tests are made and necessary repairs completed on the sub- 


assembly piece. Clearly, such practice is more economical than 
to attempt such work on the final piece, if only from the stand- 
point of the relative bulk to be handled in testing and repairing. 
An important reason for careful consideration of subassembly 
possibilities in design is the provision of maximum access for the 
greatest possible amount of the welding to be done, for the more 
accessible the welding, the less it will cost. Also, quality is 
more readily achieved if the welding operator can work under open 
or accessible conditions. Fig. 24 shows a subassembly on which - 
all welding to be done is before the operator. Fig. 25 shows the 
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Fic. 30 Typrs or InreRsectTion Wiruout AND WitTH TRANSITION Pircr 


completed weldment with the subassembly in place. Obviously, 
welding has been simplified since the joining welds between sub- 
assembly and main assemblies are completed by working through 
the access openings shown. If the welding had not been com- 
pleted in the subassembly it would have had to be performed 
through such openings. This would have necessitated the use of 
a mirror by the welder with resulting slow and consequently ex- 
pensive welding. 

At times it is advantageous to design so that progressive sub- 
assembly is possible. Thus one portion of the weldment is com- 
pleted before it is assembled and welded to other components as 
a step in the final assembly of the completed weldment. 

When maximum access is provided by subassembly practice 
or other design control, inspection can be more conclusive. 
Fig. 23 illustrates design for accessibility with elliptically shaped 
openings, permitting access to the inner side of the joints to be 
welded. Here desirable structural qualities of a box member are 
not sacrificed for access but care has been taken in shaping the 
Openings so that abrupt discontinuities in the contour of 
the members are avoided. 

Welded joints of maximum quality and predictability from the 
standpoint of either external contour or internal soundness are 
almost impossible to execute with the manual are if the joint is not 
reasonably accessible from both sides. However, at certain points 
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Fic. 29 Derat, or Consrruction or Center Hus on Piece 
SHOWN IN Fig. 28 


where stresses are of secondary nature and fatigue-loading is not 
present in structures, the joints do not require work on both sides. 

In addition to the type of welded joints used, their position in 
the weldment deserves careful design consideration for several 
important reasons besides positioning them for maximum access. 
Where machined surfaces occur in the design, care in placing 
joints can effect economy, as comparative illustrations given in 
Fig. 26 show. Clearly, if the joint is placed as in Fig. 26 (A), a 
portion of the deposited weld metal will be removed in machining 
operations. Depositing weld metal is expensive and removing 
it is wasteful. The joint placed in Fig. 26 (B) shows how the 
amount of necessary weld metal has been reduced. The joint 
shown need have only the cross-sectional area of that shown in Fig. 
26 (A) after it is machined. Economy may be possible by 
positioning a joint as shown in Fig. 26 (C) which eliminates the 
kerf and its cost, or Fig. 26 (D) which also simplifies fitting, in. 
contrast to the same joint detailed in Fig. 26 (A). 
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Fig. 31 


At times spoked or diagonal members are indicated by design 
considerations and their intersection usually presents a type of 
joint difficult to fit and costly to weld if proper external contours 
are to be maintained. An example is shown in Fig. 27. Here the 
diagonal pattern of the box stiffeners on the underside of this 
machinery bed is highly desirable from the standpoint of maxi- 
mum rigidity. However, their central intersection presents a 
problem of the nature just described. By the utilization of a 
flame-cut central member, square joints at the intersection have 
been obtained; hence, fitting and welding are simplified. 

Fig. 28 shows a simple treatment of an intersection of spokes. 
The central member in this is a subassembly so designed that the 
spokes do not converge on each other with obviously poor fitting 
and welding conditions resulting. An illustrative sketch showing 
the construction of this central hub is given in Fig. 29. 

At intersections of members subject to high stress levels, 
fatigue, impact, or a combination of these, careful design treat- 
ment is imperative. Contrasting designs of such an intersection 
are shown in Fig. 30, where the left illustration shows the inter- 
section as welded without benefit of a transition member. 
Clearly, in order to provide curved contours, an inordinate 
amount of weld metal would be necessary. In addition, it is 
practically impossible to execute such a welded joint so that full 
predictable strength will result. If necessary, x-ray inspection is 
practically impossible. Fitting conditions are poor and the ex- 
cessive amount of weld metal adds to warpage and shrinkage 
problems. Desirable features of a similar joint as executed in the 
right illustration are self-evident. 

The designer should remember the generality that in a weld- 
ment the fewer separate and different components required, the 
cheaper and better the design will be. 

At times, particularly with secondary members such as ribs or 
stiffeners, slight changes will permit uniformity in size of differ- 
ent components. Such consideration might make quantity pro- 
duction by blanking economically possible. Another somewhat 
minor consideration is the difficulty caused the assembler or fitter 
in trying to identify parts that appear almost the same. 

The designer should keep in mind, also, the possible utilization 
of hot-rolled-bar stock, for often such material can be used by 
making a slight change in dimension of a given cross section to 
conform to standards. 

All components, regardless of the method of producing them, 
are subject to dimensional tolerances. The designer must keep 
this in mind for economy and good fit-up so that he can control 
the ill effects of cumulative tolerances. Fig. 31 gives a simple 
illustration of a typical weldment in which the designer has kept 
cumulative tolerances in mind. The drawing at the left shows 
a partial cross section, while the drawing at the right shows a 
similar cross section in which the point has been ignored. 
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Shrinkage and warpage problems which exist 
in the production of weldments will continue to 
be a factor so long as drastic heat gradients occur 
during welding. A degree of experience is needed 
to be able to predict such effects and to control 
and counteract them. It is impossible to discuss 
this factor here in detail. The designer should, 
however, sense the general aspects of such 
phenomena so that he does not develop designs 
that may be impossible to produce within neces- 
sary tolerances. 

Warpage will occur to a great or little degree 
depending on the relative size of given welds and 
their distances from the neutral axis of the as- 
sembly. Thisis due simply to the relative ability 
of a member to resist shrinkage stress imposed at 
different points in its cross section with respect 
to the neutral axis of that cross section. 

Welding results in shrinkage both longitudinally and at right 
angles to the weld metal. The extent varies for sizes as well as 
types of welds. When the number of different sizes and types of 
welds occurring in an average weldment, and their length and 
position with respect to each other are considered, it can be 
realized that control of warpage is to a large degree a matter of 
practical experience. Sequence of welding also should be care- 
fully controlled as a counteracting measure. At times special 
fixtures are used to restrain warpage during welding. 


CONDITIONING AND INSPECTION MrtTuops 


Following completion of welding, it is an established practice 
to condition the weldment by removing spatter, grinding edges 
or surfaces where specified because of design requirements, and 
gritblasting when size permits. 

Spatter is removed for appearance and to insure that it will not 
drop off progressively when the weldment is in service. Spatter 
can be detrimental mechanically if, for instance, it were left in a 
lubricating-oil compartment. 

Weldments are gritblasted to remove mill scale from plate 
surfaces and to facilitate visual inspection of welds. Undercuts 
usually are more difficult to detect before the weld is gritblasted. 
Welds are inspected visually for proper size, surface cracks or 
other surface defects. X ray is used to inspect welds for internal 
defects. Various specifications such as those of the A.S.M.E. and 
the U. 8. Navy provide inspection standards for the acceptance or 
rejection of welds by means of x-ray photographs. 

Hydrostatic testing often is required by design specification. 
Oiltight compartments should be checked and tested before the 
part leaves the weldery. Finally, the weldment should be laid 
out for a final inspection at the weldery to verify that it is dimen- 
sionally correct within specified tolerances. 

Any weldment to be machined, subsequently, to any apprecia- 
ble degree should be stress-relieved if the machined surface or 
other parts of the weldment are to hold their relationship within 
service life. Any weldment subjected to severe stresses or to 
fatigue or impact, also should be stress-relieved. Especially is 
this advisable since locked-up stresses,.the magnitude or direc- 
tion of which cannot be predicted, can be of a high order follow- 
ing welding. If normal service loading imposes design stresses 
having the same direction at a given point as that of a residual 
or locked-up weld stress, structural distress or failure can result. 

Many weldments are in use that have not been stress-relieved. 
Hence definite predictions cannot be made that difficulty will 
result for a given type of weldment in the unstress-relieved state. 
Stress-relief therefore may be regarded somewhat like insurance 
having a low premium rate because the per pound cost of stress- 
relieving is usually only a fraction of a cent. 
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SPECIFICATIONS FOR WELDMENTS 


A weldment should be specified clearly and concisely so that no 
misunderstanding results, and to insure from the equitable stand- 
point, that each potential vendor is quoting on the same condi- 
tions. It is important, for instance, that the weldery know if the 
weldment must be produced under a code requirement. 

Over-all tolerance requirements on various dimensions of the 
weldment should be considered carefully. The designer might 
be inclined to make everything tight to “be on the safe side.” 
But this can be a costly practice compared to that of evaluating 
requirements intelligently. Often, a relatively close tolerance, 
under given conditions of size, shape, and amount of welding, at 
some point in a weldment can be costly to achieve. Proper study 
might show that the tolerance can be loosened without affecting 
the service performance of the weldment. In this instance it is 
common practice to consult with the weldery to achieve, mutually, 
the best conditions. 

This check list of specifications and drawing information will 
give the weldery proper and clear directions: 


A 


BVASITS 


Cc 


Fic. 32 Canritever Beam SHowiInc Tourer Designs IN WeB 
OPENINGS 


Fic. 33 Crrecie SHear FRAME 


Steel specification? 

Inspection agency, if any? 

Weld sizes and to what standard? 

General tolerances or any special tolerances? 
Gritblast? 

Grind? Ifso, where? 

Stress relieve? 

Paint? Ifso, what type and how many coats? 
X-ray requirements? To what code? 
Test—hydrostatic? If so, at what pressure? 
Test—oiltightness? 


Many types of weldments or components for weldments can 
be designed effectively into welded machinery parts. Cate- 


gorically, machinery parts, as distinguished from other types of 


Fic. 34 Awnatysis on Mope, or Weipep ENGINE Brp 


(Stresses under lateral load can be read from the strain gages visible in 
the illustration.) 


structural members, can be defined as 
parts required to resist or support mov- 
ing forces; parts subjected to dynamic 
loading. 

Dynamic loading or applied forces in 

. Motion can involve additional factors or 
criteria, i.e., fatigue and impact, to be 
considered in the design of the part and 
the proper selection of its material. 
These two factors, alone or in combi- 
nation, often can affect materially, or 
control the shape, material, and manner 
of fabrication of a mechanical structural 
member. 

If fatigue and impact are of major con- 
sideration, those properties of the mate- 
rial determining its resistance to such 
loading should be known. As we know, 
such properties generally are referred to 
as the endurance limit with respect to 
fatigue, and impact resistance in relation 
to impact. This latter property some- 
times is related to temperature. 

External contours of a part subjected 
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Fig. 35 Trsr Setur ro Derermine AcruaL Stresses UNpER Loap ON Priecr SusBsectep To INTERNAL HyprRostatTic PRESSURE 


to dynamic loading, particularly when fatigue is probable, are 
an important consideration especially when the member is sub- 
jected to primary loads. They are extremely important at the 
points of changes in contour in a structure of irregular shape. 

Contours influence the effectiveness of a load-carrying member 
from a general standpoint. Proper contour denotes efficient dis- 
position of material which is fundamental in control of weight. 
As an example, the component shown in Fig. 32 (A) is less rigid 
for a given over-all weight than that shown in Fig. 32 (B). Dis- 
posing metal as shown in Fig. 32 (C) is more effective from this 
standpoint. An example of such design thought in an existing 
welded structure is shown in Fig. 33. 


Fic. 37 AppLiicaTioN oF WELDED TUBULAR STRUCTURE 


(Main beam of this welding positioner is tubular in cross section. 
and torsional stresses.) 


It is subjected to combined bending 


Internal contours, those bounding openings in a structure, are 
worthy of careful consideration in the design of machine parts, 
especially since mechanical structures usually require openings 
of varying sizes and shapes for such reasons as fabricating or 
operating accessibility, or for mechanical clearance. 

Often the effectiveness of proper, flowing contour, particularly 
its value in rigidity, is mathematically indeterminate. Where 
maximum rigidity or strength for least weight is important, 
model analysis is possible. Fig. 34 shows the setup for such an 
analysis of a welded machine part. Actual stresses in a product 


also can be determined by the use of instruments such as strain 
gages shown in Fig. 35. 


WeicuT ConTROL 


Frequently, minimum weight is a 
major factor in designing structural 
members of machines, and the weight 
of a mechanical part can be controlled 
by one or more considerations. Sufh- 
cient strength is the first fundamental. 
Several considerations can be involved 
in designing for the strength factor. 
One is a properly adjusted factor of 
safety. A minimum factor of safety 
is important in designing for least 
weight. If it is known definitely that 
no internal voids can or need exist in 
a given cross section subject to primary 
dynamic stress, one element making 
up the factor of safety has disappeared, 
or at least is under control. 

This control can be exercised in pro- 
duction of weldments if design permits. 
It is axiomatic that in designing for 
least weight the shape should be as regu- 
lar and flowing as possible, as the previ- 
ous discussion of contours reveals. 
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Fic. 38 Design Derary or Spokes 1n A WELDED Macurne Parr 


Fic. 39 Wer.pep FRAME ror C-Typr, or Opren-Sipe, Hypravtic 
Press 


Another consideration in the strength factor is the exactness of 
knowledge of the magnitude, direction, and location of the dyn- 
amic forces with respect to each other and their reactions in- 
volved in the machine. In designing machine parts, particularly 
for least weight, it is important that these be predicted as closely 
as possible. 

After this has been done, the material resisting or supporting 
such forces or reaction can be disposed in a weldment to best ad- 
vantage consistent with mechanical clearance requirements bal- 
anced against the necessity for least weight. 

As an instance, Fig. 36 shows an abstract example of two 
methods of resisting a torsional force. There is no questioning 
the effective disposition of metal in a tubular design. Nor is 
there any questioning that the effective disposition of metal in- 
sures least weight. Fig. 37 shows an example of this concept in 
an existing machine part. 

Another example of effective metal disposition is shown in the 
spokes of an enormous machine part, the cross section of which 
appears at the left in Fig. 38. The illustration at the right shows 
the spoke as it was designed initially because of casting limita- 
tions. 


Riaipiry a ViraL Factor 


The dominant factor in the design of structural parts for ma- 


Fig. 40 Wexprep-Ster, Continuous Banp Hypravu.ic-PRess 


FRAME 


chines sometimes is rigidity, or stiffness, rather than strength as in 
the instances just discussed. The primary function of the spokes 
in Fig. 38 is maintenance of alignment between machined parts in 
the structure to the greatest possible degree. Rigidity or 
minimum deformation dominates in the design of the C-type, or 
open-side press frame shown in Fig. 39. This weldment is com- 
posed exclusively of hot-rolled plate with metal thickness at any 
point dictated solely by design requirements. 

A welded design that embraces directional control of rigidity 
is shown in Fig. 40. Purely vertical deformation or elongation 
is a secondary consideration in the function of this machine. A 
somewhat normal design for the structural parts of such a press 
is composed of top beam or platen, lower beam or bed, and side 
housings; all separate pieces integrated by two or four vertical 
tie rods secured by nuts at both ends. 

In such a design, it can be seen readily that in addition to 
vertical, straight-line elongation, the upper and lower beams will 
tend to deflect as beams in a manner detrimental to the alignment 
of tools and work in the press. That such detrimental tendency 
is practically eliminated is shown in this design where the single 
structural member resists the working forces imposed on it in 
direct uniform tension. 

The stabilization of thin and unsupported expanses of metal is 
a new element which requires watchfulness in the design of weld- 
ments for machinery, since the basic properties of the component 
materials are more predictable and process limitations on the 
thinness of metal sections are nonexistent. These thin and un- 
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Fie. 41 Comparative TREATMENTS OF BoLtTING FLANGES IN A 
WELDED Part 


supported expanses of metal may be detrimental to the operation 
of the machine for several reasons. One is the possibility of 
“drumming” or vibration, another is fundamental instability, 
and the third is the possibility of dents or distortion in normal 
handling of the structure. 

Many possible methods of stabilizing expanses of cross section 
exist. Usually the imagination of the designer is fertile in the 
solution of the problem, if it is recognized. 


Size LimiraTion 


Generally, the fewer number of pieces required to make up a 
machine structure, the less it will weigh and cost, and the stiffer 
it will be in contrast to a one-piece structure. The only limita- 
tions on the size of a weldment are those imposed by stress- 
relieving facilities and shipping clearance. 

Another type of freedom that should be kept in mind by the 
designer of weldments is the possible use of higher-strength weld- 
able alloys in highly stressed portions of the structure. The 
secondary components or elements of the piece can be of cheaper, 
plain carbon steels. Weldable alloys, of course, add nothing in 
rigidity or stiffness since the modulus of elasticity remains 
practically the same. 

_ Factors of primary importance in the economic balance or com- 
petitive comparison of a welded-steel design must be evaluated 
clearly. The fundamental reason for assuming that a weldment 
is the proper medium must be unmistakably defined. This 
reason may include natural adaptability, and predictability, 
minimum weight, and initial cost. Having established this, it 
must be realized that the weldment undoubtedly will not re- 
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semble a casting in appearance. This does not imply that the 
welded machinery part will be displeasing to the eye. It means 
simply that anything produced by a radically different process 
logically will be different in appearance. [If it is not, the design 
should be reviewed critically because the chances are that it is not 
economical as a weldment. 

A simple instance is shown in Fig. 41 where at A, the common 
detail of a bolting flange is shown. In a casting many changes 
in contour do not affect the cost particularly. In a weldment 
such details necessitate a greater number of components and 
consequently a larger number of manhours to join them. At B 
an alternate detail is shown which fulfills the same function. 
These are examples of actual applications in use in thousands of © 
weldments. 

On the other hand, if weight reduction is of critical importance, 
the over-all economic balance might dictate the added complica- 
tion in the weldment. A natural question here is, “why not 
cast it?”? The answer has been found to be that if weight re- 
duction is the primary criterion for given requirements of space 
and over-all size, a weldment can be designed which will weigh less 
than a casting and not affect the strength or rigidity. 

Another comparison between two components of a weldment 
that perform the same function is shown in Fig. 42. The upper 
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detail is more costly but lighter in weight than that shown in the 
lower half. If quantities of duplicate parts are involved, other 
methods of achieving minimum weight at lowest cost also are 
possible. 

In making a decision on the value of weldments as structural 
members in a machine, the broad measures of their desirability 
should be known and considered. Logically, a weldment should 
not be used simply because a desire exists to design in this 

‘medium. By the same token a casting or forging should not be 
used if a weldment presents greater advantages. 

In this discussion weight control or reduction may seem to 
have been emphasized. This is due simply to the progressive 
recognition of the fact, particularly in relatively large pieces 
weighing 200 lb or more, that weldments have been applied 
admirably where weight is important. Undoubtedly, the in- 
herent features making this possible are predictability and the 
fact that the process practically imposes no limit on the thin- 
ness of sections. The weight factor can be important in ma- 
chine design for many reasons. Fundamentally, it is the mini- 
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mizing of inertia forces in moving parts of machinery. Another 
is the pyramiding of the effects of weight or mass in mechanisms 
subject to high velocity, as the modern railroad passenger 
car. 


ConcLusion 


In conclusion, the result of the practical application of the 
many factors discussed probably can be best illustrated by a 
particular instance of weight and space efficiency in the use of 
weldments. A comparison, in Fig. 43, of a direct-drive four- 
cycle Diesel engine of 1926 with an electric-drive two-cycle 
Diesel engine of today shows that the modern smaller engine 
represents a reduction of 67.39 per cent in cubic feet occupied per 
brake horsepower, and also a reduction of 58.40 per cent in weight 
per brake horsepower. The development of welded-steel-type 
construction has materially helped in reducing weight. At the 
same time, the lighter engine of today is 50 per cent more efficient 
than the heavier engine of 20 years ago. 
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Stress-Rupture Characteristics of Various 


Steels in Steam at 1200 F 


By J. T. AGNEW,? G. A. HAWKINS,’ anv H. L. SOLBERG! 


Small tensile specimens made from low-carbon, carbon- 
moly, 2!/; Cr- 1 Mo, 5 Cr-Mo-Si, 9 Cr-Mo-Si, 12 Cr, 18 Cr- 
8 Ni, 25 Cr-20 Ni, and 5 Cr-Mo-Ti steels were placed in a 
steam reaction chamber at 1200 F and stressed in tension 
for periods of time ranging from 10 hr to 7700 hr. Data 
were taken on time to rupture, elongation, reduction in 
area, depth of scale layer, effect of type of flow, and type 
and angle of fracture. A photomicrographic study was 
made of the ruptured specimens. The straight-line 
relationship between stress and time to rupture on log-log 
co-ordinates postulated by White, Clark, and Wilson for 
tests in air also holds for tests in steam. 


S the conditions of temperature and pressure to which 
alloy steels are exposed in modern steam power plants 
and other industrial apparatus become more severe, the 

need for experimental data concerning the behavior of these 
alloys under such conditions becomes more acute. This paper 


tubes was presuperheated to test temperature by means of gas- 
fired superheaters and, after leaving the reaction chambers, was 
conducted to water-cooled copper-tube condensers. In each re- 
action chamber, several specimens were connected end to end by 
universal joints and were loaded in tension by means of rods which 
passed through packing glands at either end of the reaction tubes. 
One end of each tension rod passed through a calibrated spring 
which, when compressed, caused the specimens to be placed in 
tension. Chromel-alumel thermocouples were used to measure 
the temperature at several positions along each reaction 
tube. The temperatures were evaluated by means of a Leeds & 
Northrup portable potentiometer. 

The chemical analysis and heat-treatments of the various steels 
used in these tests are reported in Table 1. The numbers used to 
designate a specimen, for example, 913, have the following sig- 
nificance: The first number is the type of steel, as given in 
Table 1, the second number is the test number, and the third (or 
third and fourth) number is the specimen number, Therefore, 


TABLE 1 CHEMICAL ANALYSIS AND ee ee, FOR STEELS USED IN THE 


Type — 

Type ofsteel number C Mn ip Ss 
Low carbon 1 0.16 0.47 0.084 0.023 
Carbon-moly 2 0.200.53 0.01 0.016 
2.25 Cr-1 moly 3 0.16 0.39 —0.03 0.03 
5 Cr-Mo-Si 4 0.10 0.38 —0.03 0.03 
9 Cr-Mo-Si 5 0.12 0.44 —0.03 0.03 
12 Cr 6 0.11 0.41 0.014 0.013 
25-20 vi 0.11 0.58 —0.03 0.03 
18-8 8 0.06 0.50 —0.03 0.03 
5 Cr-Mo-Ti 9 0.10 0.44 —0.03 0.03 


describes an investigation in which small steel specimens were 
placed in tension in an atmosphere of steam at 1200 F until 
rupture occurred. The stress-rupture data for various alloy 
steels in contact with high-temperaturé steam are needed for the 
design of various types of high-temperature steam-generating 
equipment. 


DEScRIPTION or APPARATUS 


Small steel specimens were placed in tension inside four hori- 
zontal steel reaction chambers, each of which consisted of a 10-ft 
length of extra-heavy 2-in. steel pipe. These reaction chambers 
were uniformly heated externally to the test temperature by 
means of resistance heaters. The steam entering the reaction 


1 Based on a doctoral thesis, Purdue University, Lafayette, Ind., 
1944, by one of the authors.? 

? Assistant Professor of Mechanical Engineering, Purdue University. 

3 Professor of Thermodynamics, Purdue University. Mem. 
A.S.M.E. 

4Head, School of Mechanical and Aeronautical Engineering, 
Purdue University. Mem. A.S.M.E. 

Contributed by the Power Division and presented at the Critical 
Pressure Steam Boiler Session of the Annual Meeting, New York, 
N. Y., Nov. 26-29, 1945, of Tam Amprican Socrery or MECHANICAL 
ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Chemical Analysis 


0. 


Si Mo Cr Ni Ti Heat-treatment 
20 1650 F 
Air cooled - roll. 
temp. strain tem- 
24 0.50 pered from 650C 
33 0.90 2.24 An, 1550 F 
55 0.51 4.83 An, 1550 F 
Nor. 1750 F 
67 0.95 9.5 T. 1500 F 6 Hr 
0.Q. 950 C 
286 12.66 0.385 Air cooled-625-635C 
75 23.6 20.65 Nor. 1700 F 
61 1775, 9.25 W.Q. 2000 F 
-38 0.50 4.98 0.51 An, 1650 F 


913, would be the third sample of 5 Cr-Mo-Ti steel used in test 
No. 1. 

Test specimens similar to the one shown in Fig. 1 were ma- 
chined from round stock of 1 in. diam. The-dimensions of the 
straight central section of the test specimens were in the same 
proportions as the standard tensile specimen which is 2'/, in. 
long and 0.505 in. diam. The straight central section of each 
specimen was machined to a tolerance of 0.01 in. in length, 
and the diameter of the test section was held to +0.001 in. For 
the specimen with the smallest test section, 0.138 in. diam and 
0.61 in. long, this could result in an error of +400 psi in the caleu- 
lated stress, and for the specimen with the largest test section, 


OIMENSION “O" DETERMINED BY STRESS DESIRED WITH 
ABSOLUTE LOAD OF S500LBS 
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0.366 in. diam and 1.68 in. long, an error of +80 psi in the calcu- 
lated stress would be possible. Holes 9/3, in. diam were drilled 
in the large ends of the specimens, as shown in Fig. 1, for the pur- 
pose of allowing several specimens to be coupled together. Hight 
specimens were coupled together and placed in each tube by 
means of collars and pins shown in Fig. 1. The collars consisted 
of 18/,-in. lengths of 1'/s-in-OD x 1-in-ID 18 Cr-8 Ni stainless- 
steel tubing. Stainless-steel pins 1/, in. diam were passed through 
the holes in the collars and specimens to hold the specimen train 
together. The pinholes in each collar and specimen were placed 
90 deg apart around the circumference in order that each collar 
might act as a universal joint. The end collars of the specimen 
train were drilled and tapped with a standard 1/,-in. pipe thread. 
Tension rods were screwed into the end collars and extended to 
the outer steel framework. The outer ends of the tension rods 
passed through holes in parallel I-beams which formed the end 
pieces of a rectangular frame around the reaction chambers. A 
collar, thrust bearing, and nut were placed on the end of the ex- 
tension rod nearest the-superheater to transfer the tension load 
to the I-beam frame. The tension rod at the other end of the 
specimen train passed through a calibrated coil spring which was 
compressed against the I-beam frame by means of a collar, 
thrust bearing, and adjusting nut on the tension rod. The 
springs were compressed to exert a constant force of 500 lb on 
the train of specimens. 

By using specimens whose test sections were of various diame- 
ters, any desired value of stress could be obtained. The diameters 
and stresses used for the various specimens are indicated 
in Tables 2 and 3. The compression of the calibrated loading 
springs was checked continuously by means of gage bars, and the 
springs were held to the correct length with an accuracy of 
+ 0.005 in. so that the absolute force exerted by the springs was 
500 lb +4 1b. For a specimen 0.2 in. diam this would mean a 
stress of 15,900 +100 psi. A stop was provided to restrict the 
movement of the broken assembly to not more than 1/2 in. 
Approximately 45 min were required to remove a ruptured speci- 
men and replace it with anew one. The temperature at one end 
of the tube dropped to approximately 1150 F during this opera-~ 
tion but returned to 1200 F within 1 hr after a new specimen was 
inserted. : 


Txsst ProGRAM 


It was decided to conduct a short preliminary test on several 
specimens of the same steel to investigate the effect of type of 
steam flow and pressure upon the corrosion rate. Eight speci- 
mens of 5 Cr-Mo-Ti steel, designated as series 9 in the tests, 
were machined so that, with a load of 500 lb, four of the speci- 
mens would be under a stress of 6900 psi, and the other four under 


TABLE 2 RESULTS OF PRELIMINARY STRESS-RUPTURE TESTS 


(Temperature: 1200 F + 10 F) 
Test No. 1 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


a stress of 6200 psi. One specimen corresponding to each stress 
was placed in each reaction chamber so that each chamber con- 
tained two specimens. The temperature, pressure, and steam- 
flow conditions were maintained as indicated in Table 2. The 
results of the test are also given in Table 2. 

Specimens 916, 917, and 918, under a stress of 6200 psi, were not 
ruptured during the test. While waiting for specimens 911, 
912, 918, 914, and 915 to break, additional specimens of three 
different types of steel were inserted into the reaction tubes to 
gather what additional stress-rupture data could be obtained. 
The results obtained from these additional specimens are in- 
cluded in Table 2. Since the results from this preliminary test 
were not conclusive, it was decided to maintain different flow and 
pressure conditions in the four reaction chambers during the re- 
mainder of the test program with several samples of each steel 
being exposed to the various conditions. 

On the basis of the data of the relation of stress to time to 
rupture in steam, as determined from the preliminary test, the 
second or regular test was started with eight specimens in each 
reaction tube. The results of this test are given in Table 3. 
Flow rates were adjusted to maintain laminar flow with a Rey- 
nolds number of 1100 in the reaction chambers containing steam 
at 5 psig, and turbulent flow with a Reynolds number of 5500 in 
the reaction chambers in which steam was used at 75 and 100 psig, 
as indicated in Table 3. Each time a specimen ruptured it was 
replaced by a new specimen, A complete history of each speci- 
men including temperature, type of steam flow, stress, time to 
rupture, type and angle of fracture, elongation in area, etc., is 
given in Table 3. The stress-rupture results are plotted in Fig. 
2, with stress as the ordinate and time to rupture as the abscissa 
on log-log co-ordinates. 
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The elongation of the ruptured speci- 
mens is reported in Tables 2 and 3 as a 
percentage of the original length of the 
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TABLE 3 RESULTS OF STRESS-RUPTURE TEST NO. 2 
(Temperature: 1200 F + 10 F) 


TEST NO. 2 
| a VISUAL DETER- 
TYPE OF MVE AND INITIAL INITIAI 
SPECIMEN TIME FOR REDUCTION CEE M06. STEAM FLOW RY BEANO, ueNevror | oat oe 
NUMBER RUPTURE, STRESS, | ELONGATION, IN Raves PRESSURE, | EXPOSED TO |TEMPERATURE| FRACTURE TEST TEST 
HOURS Psi +2% outs) INGHES ESIG L- LAMINAR 0-OUCTI'_E SECTION, SECTION, 
T- TURBULENT 1-INTERMEDIAT! INCHES INGHES 
|e-BRITTLE is 
121 3588 5 75 it B-45° 148 0333 
122 4671 100 T = B-90° | 163 0366 
126 10 0.0047 5 [ L D- 45° 1.00 0225 
127M™ 57 00075 5 L iE p=45° | tis |__ose 
(28M 75 0.0101 5 L D- 45° 1.24 0.279 
129M 1261 0.0367 100 Tie | B- 80° 134 | ~—~0.301 
(210 27 0.0045 5 u [1-90 oss | 0.199 
1211 857 0.0288 5 u B-45° 136 0.306 
= iz =f 
221 =f 63 [__0.0080 5 [ L 8B -90° og! 0.204 | 
222 151 0.0124 5 L B-60° 100 0.224 
223 696 0.0182 100 T -B-85° 108 0243 
224 253 0.0218 5 si (E B-70° 115 0259 
225 760 0.0322 5 L B-45° 1.23 0.276 
226 3047 0.0596 a 75 Toad B-s0° | Laz 0.285 
227 1301 0.0398 5 L 8 -60° 130 «|| ~—s«o292 
228 7587 75 T B -80° 134 0.302 
229 [ Tarr 0.329 | 
2210 144 0.0101 76 T I -90° 088 0199 
2212M 312 0.0208 5 L B - 90° 118 0.265 
— os += = 
321 226 0.0164 5 L D -45° 1.05 0.236 
322 1114 | SA Rep 1oo | T > 0 -80° Pion a) woz = 
323 2884 5 T D-45° 7 0.263 
324 [ Peta Te rl 
325 1908 sutirieo | Cereal u [Ecip=902 1.23 0.276 
S2Cumn ESS Beacon 100 T D- 90° 123 | 0.276 
327 ahi = 28 0287 | 
328 [46 0.0075 5 L | m D-90° 094 | 0.210 
329 50 0.0079 5 L = o-60° | 098 0.220 
421 154 0.0016 75 T aaa eS ed ee i 0259 | 
422 209 0.0058 Ar y| u au 0-60° 1.22 0.273 
423 1237 [0.0069 100 T =e D-45° 128 | 0.287 
424 1709 0.0088 75 T [ Zy, D-45° 132 0.295 
425 2522 roo | ie vie ml leita p-45° | _-1.37 0308 
426 BS) 1.40 0.314 
427 Cpe Ts 141 0.316 
428 4007 VSae TESS 144 0.323 
429 3613 T- 90° 162. | 0.341 
4210 142 = D- 70° COTM EOeeO 
4211 1166 Nm | p-60° 1.29 0.289 
4212M 1340 fe) | PE a En OE 
521 56 fo) [_D-90° LOZ SEEN ENIO:250 
522 83 n | xto=S02 1.07 0.240 
523 =a 287 + D-80° Lis | 0264 
524 258 = 0-85° 121 0.272 
1734 fo) o-ss° | 23 0277 
— 1970 7 D-70° 123 0.277 
527 1.29 | 0289 
528 616 ~ D-90° 118 0.265 
529 946 . . 
5210M 498 : } 
621 164 
622 624 
623 942 
624 260 
625 538 
626 2284 
627 2792 
628 2517 0.0017 
629M (5 0.0002 
6210 339 0.0011 
6211 899 
6212M 569 0.0012 
721 937 > 0.0001 
722 1552 | » 0.0001 
723 3810 
(Et an EO ) 0.0001 
725 177 I »? 0.0001 
726 O77 70.0001 
821 263 ) 0.0003 tas 
822 7720 
823M 151 > 0.0003 
824 ‘5 ) 0.0003 
825 45 0.0008 
26 | 1145 al —— 
921 182 0.0038 100 
922 291 0.0088 
923 2606 0.0102 [ 75 
924 3109 
925 55 0.0049 . : 
926 288 0.0084 — .25_ . 
927 1100 : 0301 


“THE LETTER "M" REFERS 10 A SPECIMEN WHOSE TEST SECTION WAS MACHINED FROM A PREVIOUSLY TESTED UNBROKEN SPECIMEN (SEE DISCUSSION OF RESULTS) 
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and final areas to the original area in per cent and are based 
on a measurement of the original diameter of the specimen 
by a micrometer and a measurement of the final diameter, not 
including the scale layer, by a pair of dividers. 

Due to the size and shape of the specimens it was not possible 
to determine the loss of metal due to corrosion by electrolytic 
stripping as was used in previous corrosion studies (1, 2, 3, 4, 5)5 
at Purdue University. Some of the specimens were exposed to 
the steam for a short time interval, thereby producing a thin 
layer of oxide which could not be removed by the electrolytic 
stripping method. For the small specimens used in these stress 
tests a satisfactory method of determining the penetration of the 
scale layer was developed. A small section of the scale-covered 
ruptured specimen approximately 1/, in. long was cut off by 
means of a cut-off wheel. This section was molded in bakelite 
and polished. By means of a precision microscope it was possible 
to measure the thickness of the scale layer quite accurately. The 
results of the corrosion measurements are given in Tables 2 and 
3, and in Fig. 3. 


Discussion oF REsuuts 


The slopes of the stress versus time-to-rupture lines for the 
various alloys, as plotted in Fig. 3, are as follows: Low carbon, 
0.147; carbon-moly, 0.200; 21/, Cr-1 Mo, 0.128; 5 Cr-Mo-Si, 
0.154; 9 Cr-Mo-Si, 0.095; 12 Cr, 0.105; 25 Cr-20 Ni, 0.172; 
18 Cr-8 Ni, 0.157; and 5 Cr-Mo-Ti, 0.121. The significance of 
these various slopes is that a steel with a large slope would not be 
expected to have a high rupture stress for long time intervals 
such as 100,000 hr. Table 4 presents the stress required to 
rupture each of the steels for time intervals of 10, 1000, and 10,000 
hr. 

Of the nine steels tested, carbon moly is sixth in order at 10,000 
hr, whereas it was third at 10 hr. 9 Cr-Mo-Si was eighth at 10 hr, 
is fifth at 10,000 hr and would be third at 100,000 hr if the 
straight-line relationship continued to hold. 

In general, the stress required for rupture in a given time in an 
atmosphere of steam at 1200 F is higher than the stress required 
for rupture in the same time in air at 1200 F, the air values being 
taken from the data of the Timken investigators (6, 7, 8). The 
nine alloys which were included in this investigation are listed 
in Table 5, in the order of decreasing magnitude of the differences 
between the stress in steam and the stress in air required for 
rupture in 10,000 hr. The magnitude of the ratio of stress in 
steam to stress in air is indicated following each alloy. 


5 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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MAY, 1946 


TABLE 4 STRESS REQUIRED TO CAUSE RUPTURE OF VARIOUS 
ALLOY STEELS AT 1200 F 
-——In 1000 hr—~ 


18 Cr-8 Ni....16800 18 Cr 
10} (Cisnanonaus 12000 12Cr...... mag {) 


-—In 10,000 bhr-— 


-——-In 10 hr——- 


(1) 18 Cr-8Ni..... 35000 
. .25000 


(3) Carbon-moly..21500 25 Cr-20 Ni...11200 25 Cr-20 Ni... 7550 
(4) IPO BAS ane se 19500 21/4 Cr-1 Mo.. 9400 21/4 Cr-1 Mo.. 7000 
(5) 21/4 Cr-1Mo...17000 Carbon-moly.. 8600 9 Cr-Mo-Si.... 6800 
(6) 5 Cr-Mo-Si....15500 9 Cr-Mo-Si.... 8500 Carbon-moly.. 5450 
(7) Low carbon....13500 5 Cr-Mo-Si.... 7600 5 Cr-Mo-Si.... 5300 


(8) 9 Cr-Mo-Si.. ..13200 
(9) 5 Cr-Mo-Ti....11500 


@ Extrapolated. 


Low carbon.... 6900 
5 Cr-Mo-Ti.... 6700 


5 Cr-Mo-Ti.... 5000 
Low carbon.... 4900 


TABLE 5 DIFFERENCES BETWEEN STRESS IN STEAM AND 
STRESS IN AIR REQUIRED FOR RUPTURE IN 10,000 HR OF 
VARIOUS ALLOYS 

Ratio of stresses 


Type of steel in steam to air 


1 Low carbon 3.6 
2 Cr 3.2 
3 Carbon moly 1.8 
4 25 Cr-20 Ni 1.4 
5 5 Cr-Mo-Si se] 
6 18 Cr-8 Ni Le 
7 2.25 Cr-1Mo 1.2 
8 9 Cr-Mo-Si ea 
9 5 Cr-Mo-Ti 0.98 


The results of the attempt to determine the effect of turbulent 
or streamline flow upon the stress-rupture results were incon- 
clusive and no definite conclusions could be drawn concerning this 
effect. ’ 

The results of the measurement of the thickness of the scale 
layers are given in Tables 2 and 3, and in Fig. 3. As in previous 
tests at Purdue University (1, 2, 3, 4, 5), the chromium content of 
the alloy is the critical factor in the determination of the depth 
of corrosion. The alloys can be divided into four general groups 
relative to the type and extent of corrosion. The two alloys, 
low carbon and carbon-moly, show serious corrosion, having a 
thick, porous but tightly adhering layer of scale. Alloys 21/4 
Cr-1Moly, 5 Cr-Mo-Si, and 5 Cr-Mo-Ti show appreciable cor- 
rosion and have a brittle flaky layer of scale. Alloys 9 Cr-Mo-Si 
and 12 Cr exhibit a slight amount of corrosion, while the cor- 
rosion of alloys 18 Cr-8 Ni and 25 Cr-20 Ni is very slight. It is 
to be noted that the corrosion results of the stress-rupture tests 
cannot be directly compared to the corrosion results obtained 
previously at Purdue University (1, 2, 3, 4, 5), since in the previ- 
ous tests the results were reported as penetration in inches as 
computed from measured loss of metal, whereas in the stress- 
rupture tests the results are reported as depth of scale layer on- 
the ruptured specimen. An examination of the data reveals no 
correlation between type of steam flow and depth of scale 
layer. 

A comparison of the types and characteristics of the fractures 
of the various alloys is of considerable interest in that it gives some 
indication of the type of fracture that can be expected in service. 
A discussion of the fracture of each alloy will be given. A 
metallographic study was made of the original microstructure and 
the microstructure of two fractured specimens of the longest 
and shortest fracture time and the following comments are a 
result of these studies: 

(a) Low-Carbon Steel (Alloy No. 1). Of the eight specimens 
tested, three had ductile fractures, four had brittle fractures, and 
one had an intermediate fracture. However, the values of duc- 
tility as measured by elongation were consistently low (from i2 
to 37 per cent) with the ductile fractures giving the greater 
elongation. By an intermediate fracture is meant a fracture with 
just a slight, amount of necking at the break as compared to no 
perceptible necking for a brittle fracture and considerable neck- 
ing for a ductile fracture. This method of classification holds for 
all nine alloys. The three low-carbon specimens with the duc- 
tile fractures, 126, 127M, and 128M, and the one with the inter- 
mediate fracture, 1210, had the largest elongation and reduction’ 
of area at rupture. The short-time ductile fracture of specimen 
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126 was characterized by stretching of the grains while the long- 
time brittle intergranular fracture of specimen 121 was charac- 
terized by the remaining equi-axed grains pulling apart at the 
grain boundaries. In both the long- and short-time specimens 
a dark intergranular material appeared which was probably an 
oxidation product together with voids resulting from parting of 
the grains. Spheroidization of the carbides present in the origi- 
nal sample occurred in both the long- and short-time specimens 
of this alloy with considerable agglomeration of the spheroids 
present in the long-time specimen. 

No clearly defined graphite was detected in the structure of the 
specimens. 

(b) Carbon-Moly (Alloy No. 2). All of the carbon-moly 
specimens had the brittle type of fracture except specimen 2210 
which showed a slight amount of necking and was classified as 
having an intermediate fracture. All of the specimens had low 
values of ductility as measured by elongation (13 to 36 per cent). 
As in the case of the low-carbon alloy, the only appreciable 
change in the microstructure was general spheroidization of the 
carbide structure. Very little agglomeration was present in 
the microstructure of the short-time specimen, 221, the original 
normalized structure still being somewhat in evidence. Considera- 
ble agglomeration of the carbides was present in the long-time 
specimen, 226. Parting of the grains had occurred in both speci- 
mens 221 and 226, but to a greater extent in the short-time 
specimen 221. This parting resulted in intergranular fracture for 
both the long- and short-time intervals and also resulted in the 
presence of dark areas between the grains, probably consisting 
both of oxidation product and voids. 

No clearly defined graphite was observed in the microstructure 
of the carbon-moly specimens. 

(c) 24/, Cr-1 Mo (Alloy No. 3). In contrast to the carbon- 
moly steel, all of the specimens of 21/, Cr-1 Mo steel had the duc- 
tile type of fracture as evidenced by the higher values of ductility 
as measured by elongation (21 to 71 per cent). Without excep- 
tion, all of the specimens necked considerably at the break, result- 
ing in high values for reduction in area. Another peculiarity of 
this alloy was the very brittle flaky type of scale which curled 
away from the parent metal as the corrosion progressed, thus 
continuously leaving fresh metal exposed to the steam. Due to 
the excessive necking at the break, the metal there should have 
been very highly strained. The microstructure of the short-time 
specimen 328 showed considerable elongation of the grains. The 
microstructure of the fractured specimens showed coalescence of 
the carbides which were present in the original steel before test- 
ing. The degree of coalescence was considerably higher in the 
long-time specimen 325 than in the short-time specimen 328. 
The specimens showed more than normal inclusions which, how- 
ever, did not appear to be graphite when examined unetched. 
Since there was evidence of some inclusions in the original micro- 
structure of this steel, it is not believed that the inclusions present 
in the microstructure of the fractured specimens is due to any 
appreciable extent to oxidation and stress. This steel is to be 
contrasted to the low-carbon and carbon-moly steels which 
did show parting of the grains and a resultant dark constituent 
at the grain boundaries. 


(d) 5 Cr-Mo-Si (Alloy No. 4).- This alloy was characterized. 


by a very ductile fracture resulting in high values for elongation 
and reduction in area, the values of elongation ranging from 52 
to 158 per cent. The surface of the scale was lined with deep 
cracks but the scale itself adhered very tightly to the parent 
metal. The comments made concerning the microstructure of 
21/, Cr-1 Mo steel (Alloy No. 8) in paragraph (ec) apply 
equally well to the microstructure of Alloy No. 4, that is, 
the amount of inclusions did not increase over those present in the 
unstressed steel, no clearly defined graphite was detected, and 
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coalescence of the carbides originally at the grain boundaries oc- 
curred. 

(e) 9 Cr-Mo-Si (Alloy No. 5). This alloy was also character- 
ized by high values of elongation (from 68 to 155 per cent) and 
reduction in area which indicated a ductile fracture. The fracture 
specimens were covered with a smooth tightly adhering layer of 
scale which was lined with a fine network of cracks. Photomicro- 
graphs of the microstructure of this alloy indicated that the only 
significant change was an increasing degree of agglomeration of 
the carbide spheroids with time under the test conditions. In the 
long-time specimen, 526, a preferred orientation and stretching 
of the spheroids and other elements of the microstructure could be 
detected. 

(f) 12 Cr (Alloy No. 6). The fractures for this alloy varied 
considerably. Of the twelve specimens tested there were three 
with brittle fractures, five with ductile fractures and four with 
intermediate fractures. The ductility as measured by elongation 
was fairly low, ranging from 20 to 71 per cent. The scale formed 
on fractured specimens of this alloy resembled very closely that 
formed on specimens of Alloy No. 5 (9 Cr-Mo-Si). There was 
practically no change in the microstructure of specimens of this 
alloy except for enough agglomeration of the carbide spheroids 
to make them appear to have a uniform and random distribution, 
whereas in the original structure the outline of the austenitic 
grains was indicated by the chain of spheroids. 

(g) 25 Cr-20 Ni (Alloy No. 7) and 18 Cr-8 Ni (Alloy No. 8). 
Both of these alloys were characterized by very brittle fractures 
for both the long- and short-time intervals, resulting in low 
values for reduction in area and elongation. The values for elonga- 
tion for the fractured specimens of 18 Cr-8 Ni ranged from 8 to 51 
per cent while those for 25 Cr-20 Ni were a little higher, ranging 
from 32 to 75 per cent. Specimens of these alloys were covered 
with a thin film of scale which visually appeared to be thicker on 
the stressed test section than on the relatively unstressed part 
of the specimen. The only noticeable change in the microstruc- 
ture of the 25 Cr-20 Ni specimens was the growth and coalescence 
of the carbides and of the peculiar black phase which has been 
reported by other investigators (9). The exact identity of this 
black phase is not yet known. The short-time specimen, 824, of 
18 Cr-8 Ni which was very highly stressed (33,400 psi), resulting in 
a very short time to rupture (15 hr), suffered a decided change 
in grain size; the grain size for the ruptured specimen being much 
smaller than that of the original structure. Considerable carbide 
precipitation at the grain boundaries and inside the grains appears 
to have taken place. Also, the black phase which is known to 
appear in 25 Cr - 20 Ni steel as just described appears to be 
present in the microstructure of the long-time specimen, 826, of 
the 18 Cr - 8 Ni alloy. It is doubtful that this black phase is 
graphite since chromium is known to be a very effective inhibitor 
of graphitization and the carbon content of this steel is only 0.06 
per cent. 

(hk) 5 Cr-Mo-Ti (Alloy No. 9). This alloy tended to be some- 
what erratic in its behavior. Referring to Tables 2 and 3 it can 
be seen that of the twelve specimens tested, eight had ductile frac- 
tures, three had intermediate fractures, and one had a brittle 
fracture. However, it should be noticed that the one brittle frac- 
ture was the longest time specimen, 924, whose time to rupture 
was 3109 hr and whose value of elongation was 52 per cent. The 
values for elongation (45 to 104 per cent) and reduction in area 
tended to be somewhat lower than those for Alloy No. 4 (5 Cr- 
Mo-Si), an alloy differing only in the content of Siand Ti. The 
scale formation was identical to that of Alloy No. 4, the specimens 
having a fairly thick layer of scale heavily lined with deep cracks. 
The only appreciable change in microstructure was spheroidiza- 
tion of the carbides which were originally present) at the grain 
boundaries. 
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Referring again to the data in Tables 2 and 3 concerning the 
measurements of reduction in area and elongation, it would appear 
that the relative ductility of the nine alloys as measured by these 
two methods is not the same. For example, Alloy No. 3 (2!/, Cr- 
1 Mo) has relatively low ductility as measured by per cent 
elongation, but as measured by per cent reduction in area, as a 
group it has the highest ductility. The authors are of the opinion 
that per cent elongation is the safest indication of ductility be- 
cause it is a measure of ductility over a longer period of time. 
Again taking Alloy No. 3 as an example, the high values of reduc- 
tion in area are due simply to the fact that the specimens necked 
down considerably before actual rupture, which probably took 
place during the last few minutes of the life of the specimen. 

The carbon steels tested, i.e., low-carbon (Alloy No. 1) and 
carbon-moly (Alloy No. 2), corroded excessively so that the 
reduction-in-area values could be attributed both to mechanical 
shrinkage due to the stress and loss of metal due to corrosion. 

It can be seen in examining Tables 2 and 3 that for all of the 
alloys tested the values of elongation tend to be less when 
the brittle-type fracture occurs. A good example is Alloy No. 6 
(12 Cr) in which the five specimens with the highest values of 
elongation all had ductile fractures while the specimens with 
intermediate and brittle fractures all had lower values of elonga- 
tion. For the other alloy which had all types of fracture, Alloy 
No. 9 (5 Cr-Mo-Ti), the only specimen with a brittle fracture had 
the second lowest value of ductility as measured by elongation. 

For all of the nine alloys taken as a whole no satisfactory cor- 
relation between time to rupture and either elongation or reduc- 
tion in area could be obtained. 

An examination of the microstructure of all the alloys revealed 
no clearly defined graphite in any case. An extensive study was 
made of the three alloys most likely to be susceptible to graphitiza- 
tion, low-carbon, carbon-moly and 2!/, Cr-1 Mo, by the re- 
search department of The Detroit Edison Company (13). They 
reported that while each of the steels responded “‘abnormal’’ to 
the McQuaid-Ehn test, no clearly defined graphite was found in 
any of the samples examined. 


CoNCLUSION 


1 The straight-line relationship between stress and time to 
rupture on log-log co-ordinates, postulated by White, Clark, and 
Wilson, for tests in air (9) also holds for tests in steam. 

2 The break in the stress-rupture line encountered in air 
tests by other investigators (9, 10) was not found in the pres- 
ent tests in steam. 

3 The tests indicate that for the small specimens of the nine 
alloys tested the stress required for rupture in steam in 10,000 
hr or longer is higher than the stress required in air at 1200 F. 

4 The type and characteristics of the scale formed on the 
stress-rupture specimens affects the position of the stress-rupture 
line on log-log co-ordinates. 

5. The slope of the stress-rupture line is important since an 
alloy whose stress-rupture line on log-log co-ordinates has a low 
value of slope might not appear to be desirable at short rupture 
times, but for long rupture times might be better than other 
alloys which were superior at short rupture times. 

6 Ductility values, as measured by per cent elongation, are 
more reliable values for ductility over a long period of time than 
are ductility values as measured by reduction in area. Also re- 
duction-in-area values are more affected by the amount of cor- 
rosion. 

7 For the two austenitic alloys tested, the fractures were the 
brittle type, even for short time intervals. 

8 In general, the ductility, as measured by elongation for all 
of the alloys tested tends to decrease as the time to rupture 
increases. 
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9 Longer times and lower stresses are favorable for the 
production of brittle fractures. 

10 The tests confirm the conclusion based on air tests (11), 
that elongation for a given steel is always less when the brittle 
fracture occurs. 

11 As in unstressed tests, the chromium content of the 
alloy is the critical factor in determining the amount of corrosion 
taking place. The corrosion decreases as the chromium content 
increases. 
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Discussion 


ArtHur McCutcuan. The steam-corrosion work at Purdue 
has been followed with great interest. The stress rupture 
characteristics of various steels in steam should be of particular 
value to designers of high-temperature equipment. The choice 
of 1200 F as the test temperature doubtless was made on the 
basis of accelerating the scaling effect. Since the field of usefulness 
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of the low-carbon and carbon-moly steels will, in general, be 
below 1000 F, and the 21/, per cent chrome-moly steel below 1100 
F it is of importance to recognize that in some cases the higher 
temperature of test may give a false indication of the relative 
value of these materials for high-temperature service. 

Through the co-operation of Professor Solberg, a number of the 
ruptured specimens of low-carbon, carbon-moly and 2!/, per cent 
chromium, 1 per cent molybdenum steels were examined for 
graphite by I. A. Rohrig of The Detroit Edison research depart- 
ment. Despite the fact that all were found to be “abnormal” in 
their response to the McQuaid-Ehn test, no graphite was reported. 
Since, in abnormal low-carbon and carbon-moly steels, graphite 
is readily produced by heating for 1000 hours or less at 1000 


to 1100 F, failure to produce graphite in heating periods of 4000 to — 


7000 hours at 1200 F might be considered unusual. It has been 
hazarded that the AC, temperature of these materials might be 
lowered sufficiently in the presence of stress so that 1200 F is above 
* the temperature at which graphite tends to precipitate. 

Because of the possible precipitation of graphite, particularly 
at welded joints, the long-time load-carrying ability at, say, 1000 F 
of the low-carbon and carbon-moly steels is much less than that of 
the 2!/, per cent chromium, 1 per cent molybdenum steel. 
It would seem therefore that the stress rupture data which are 
given in this paper should be considered as directly applicable 
only at 1200 F. 

On the basis of a rupture time of about 1200 to 1500 hours it 
is of interest to note the relatively high stress supported by the 
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low-carbon steel in 1200 F steam. The stresses supported by 
the several materials were as follows: 


STRESS CAUSING RE PORE EN 1200 TO 1500 HOURS IN 1200 F 


Specimen Stress, psi 


Tho wKGarbOngsteel vertart).ststsisfaar toes ema ee 6% 129 M 7000 
Carbon moly bdomumemacccs citar e dh lciscs sct0s8 227 7400 
21/2 per cent chromium, 1 per cent molybdenum.. 326 8400 


The authors’ conclusions regarding the tendency to inter- 
granular fractures are particularly noteworthy. The point that 
longer times and lower stresses are favorable for the production 
of brittle intergranular fractures of many creep-resistant steels is 
not always appreciated. The ductile type of fracture of the 21/, 
per cent chromium — 1 per cent molybdenum steel would seem to 
be a count in its favor. 


AutTHors’ CLOSURE 


The authors wish to thank Mr. McCutchan for his interesting 
discussion. It is true that the temperature of 1200 F is severe 
for low-carbon, carbon-moly, and 21/, Cr-1 moly steels, but it is 
felt that the data will be applicable in the future when steam 
temperatures in power plants and other industrial apparatus be- 
come higher. 

Also it should be pointed out that the effects of specimen size 
and type and characteristics of the scale formed in-a steam atmos- 
phere are two variables which are yet to be thoroughly investi- 
gated. 
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Effect of Molding Pressure and Resin on 
Results of Short-Time Tests and 


Fatigue Tests of Compreg 


By W. N. FINDLEY,! W. J. WORLEY,? anv C. D. KACALIEFF? 


Tests were performed on six samples of compressed- 
impregnated plywood, ‘including static tension tests, 
static compression tests, static torsion tests, and rotating- 
beam type of fatigue tests. The results provide data on 
the effect of different molding pressures and different 
resins on the “static” strength properties, stiffness, and 
fatigue strength of “‘compreg.” 


HE tests reported in this paper were undertaken in order 

to provide information on the effect of different molding 

pressures and different resins on the ‘“‘static”’ strength prop- 
erties, stiffness, and fatigue strength of compressed-impregnated 
plywood (compreg). 

The following tests were performed on six different samples 
(described later) at a temperature of 77 F and a relative humidity 
of 50 per cent: Static tension tests, static compression tests, 
static torsion tests, and rotating-beam-type fatigue tests. All 
specimens were cut with their long axis parallel to the grain of 
the wood used in making the compreg. Values of ultimate 
strength, yield strength, and modulus of elasticity were obtained 
from all of the static tests. The fatigue tests were carried out as 
far as 10,000,000 cycles. 

Several investigators have reported the static properties (1-9) 
of compreg and some other investigators have studied fatigue 
characteristics (10, 11) of this type of material. 


Materiau USED For Tests 


Six compreg panels were prepared especially for this series of 
tests by the United States Forest Products Laboratory, Madison, 
Wis. The panels were made from rotary-cut sap yellow-birch 
wood of !/;¢-in. plies. All veneers were from the same shipment 
and met the grain requirements of Army Air Forces Specifica- 
tion 15065. Prior to laminating, the !/is-in. birch veneers were 
cylinder-treated for 6 hr in the case of the water-soluble resin and 
16 hr in the case of the alcohol-soluble resin at '75 psi and dried 
for 18 hr at 130 F. All plies were glued on one face with Bake- 
lite XC7381 resin, using 6.7 g of dry glue per sq ft of glue line; 
all panels were pressed at the indicated pressure (see Table 1) 
under conditions such that the center of each panel was held at 
305 to 310 F for 15 min. All panels were cooled to 150 F in the 
press before releasing the pressure. The data in Table 1 were 
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TABLE 1 


FOREST PRODUCTS LABORATORY DATA 
204 205 206 207 208 209 
A A B B Cc 


Cc 

31.5 32.0 28.0 
5 17 15 1 15 
1500 600 
1 1.24 
4230 


1.36 1.22 
3640 


56 TAD: 


* Resin A Bakelite BV 10678 (alcohol-soluble) by Bakelite Corporation, 
Bloomfield, N. J. 


Resin B Bakelite BV 15100 (water-soluble) by Bakelite Corporation, 
Bloomfield, N. J. 


Resin C Compregnite (water-soluble) by Casein Company of America, 
Bainbridge, N. Y. 

+ Resin content on basis of dry weight of untreated wood. 

¢ Shear tests made by Forest Products Laboratory block-shear method 
in plane of laminations. 

4 Izod values calculated from notched-toughness values, using empirical 
conversion factor obtained from Izod and notched-toughness tests on 
matched specimens. 

* Measurements made according to Army Air Forces specifications No. 
15065 on 3in. X lin. X %/s-in. specimens (1 in. in fiber direction), immersed 
in water for 24 hr. 

J Specimens were cut the full thickness of the panel and 1/s in. long in the 
direction of the grain. The specimens were immersed in water for 48 hr 
at room temperature and were measured in the direction of the thickness of 
the original panel before and after immersion. 

9 Thickness of specimens used for swelling tests after subsequent air- 
drying and oven-drying, expressed as a percentage of the thickness of a 
matched specimen subjected to the same drying cycle but not to the water 
immersion. The ‘thickness’? measured was in the direction of the thick- 
ness of the original sheet. 


prepared by the Forest Products Laboratory. As shown in the 
table, three different resins, A, B, and C were used, and two panels 
were made with each resin. One panel for each resin was molded 
at 1500 psi; the other panel for each resin was molded at 600 psi. 

The test panels were made from large sheets of veneer from 
which six matched panels were laminated with the grain of all 
plies parallel. The six panels were matched with two cross- 
wise of the grain and three lengthwise of the grain. 

Additional data shown in Table 1 include the percentage resin 
content, the code number for the resin, number of plies used in 
the panel, the specific gravity, the shear strength parallel to the 
laminations, the impact strength (expressed as an equivalent 
Izod test), percentage water absorption, percentage swelling, and 
percentage recovery after wetting. 


PREPARATION OF SPECIMENS 


A drawing of the “static” specimens used in this investigation 
is shown in Fig. 1, and the fatigue specimen is shown in Fig. 2. 
All specimens were cut from the panel with their long axis parallel 
to the grain of the wood. All specimens were machined on a 
lathe and were finished by polishing with grade 2/0 emery paper. 
Some of the tension specimens were machined with a straight 
cylindrical portion and used for stress-strain data; other of these 
specimens were machined with a reduced section or neck at the 
center of the gage length and were used to determine the ultimate 
strength of the compreg in tension. 

The compression specimens were turned on a lathe to the two 
lengths shown in Fig. 1(c). The 2-in. specimen was used as 
shown in Fig. 6, to obtain stress-strain relationships. The short 
specimen was used to obtain ultimate-strength values only. 
The torsion specimens were also made by turning on a lathe. 


317 


318 TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


a 7Jension 


L. Jors/on 


“ 


eR. 


ee 


Cc Compression 


Fie. 1 Sraric Specimens Usep In TEST 


fy 

a) 
on Ly, 
a Oe 
Bee aes 

i 7Z 

t Ry 
pie ection A-A 
az 


Fie.2 Rotratine-CANTILEVER-BEAM FaTIGUEB SPECIMEN 


The machining of all specimens was done in a laboratory main- 
tained at constant temperature and constant relative humidity. 
After the specimens were completed, they were allowed to remain 
in this room, which was maintained at a constant temperature of 
77 + 1 deg F and constant relative humidity of 50 + 2 per cent, 
for at least 2 weeks before the tests were started. 


TENSION TESTS 


Short-time tension tests were performed on specimens as 
shown in Fig. l(a). These specimens were tested in tension on 
an Olsen 10,000-lb four-screw machine, of the beam-weighing 
type, equipped with a separate variable-speed drive. The speci- 
mens were held in Templin wedge grips A, Fig. 3, mounted in 
such a way as to provide an axial load on the specimen. Strain 
of the specimen was measured by means of a Moore-Hayes 2- 
in-gage-length extensometer B, Fig. 3. This instrument pro- 
vided a multiplication such that one division on the dial indi- 
cated a strain of 0.0001 in. per in. in the specimen. In order that 
these specimens need not support the weight of the extensometer 
and to prevent damage to the instrument if the specimen should 
fracture while the extensometer was attached, the extensometer 
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was supported by means of the light coil spring C, shown in Fig. 3. 

Two sets of tension tests were run; one set in which the stress- 
strain characteristics were determined, and the other set in which 
only the ultimate strength was obtained. In the former group 
the gage section of the specimen was straight and readings of 
load, deformation, and time were simultaneously obtained ‘‘on 
the run” throughout the test. In the latter case only the load at 
fracture was recorded. For this purpose the specimens were 
necked down by turning on a lathe to a 4 in. radius. This was 
accomplished by rotating the compound of the lathe. These 
specimens were reduced from 1/2 in. diam at the end of the test 
section to #/1) in. diam at the center. This reduction was found 
necessary in order to cause the specimen to fail at the center of the 
test section rather than in the shoulder of the specimen. Straight 
specimens failed at the shoulder as a result of the stress concen- 
tration. 

A preliminary test was made to determine the testing speed 
required to produce a rate of tensile strain of about 0.0016 in. per 
in. permin. All succeeding tests were run at or near this rate of 
strain, This rate was selected in order to permit correlation be- 
tween the results of these tests and tests performed by the au- 
thors on other material (12). This rate of strain corresponds 
roughly to the rate of strain produced by testing machines op- 
erated at a head speed of 0.05 in. per min. However, it should 
be noted that different machines, and even different materials 
tested in the same machine at the same rate of crosshead motion 
will not in general produce the same rate of strain in the speci- 

‘men. This is due to different relative stiffnesses of the machine, 
specimen, and auxiliary gripping apparatus. 

The rate of strain was made uniform in these tests rather than 
the rate of increase of stress as used by some investigators, be- 
cause the same rate of strain can be used without difficulty in 
testing materials which differ widely in modulus of elasticity, 
whereas if such materials are tested at the same rate of stressing, 
the required testing-machine speeds become excessive for mate- 
rials of low modulus, and the rate of strain becomes too high to 
follow with ordinary equipment. 

Both the tension and the compression tests were performed 
outside of the air-conditioned laboratory. The temperature of 
the testing room was about 75 F, and the relative humidity was 
variable. In order to minimize the effect of differences in tem- 
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perature and relative humidity, the specimens were placed in an 
insulated box while being transferred from the conditioned store- 
room to the laboratory, and the tests were conducted within 5 to 
10 min after the specimen was removed from the insulated box. 
During the test, readings of load, deformation, and time were re- 
corded up to a point within a few per cent of the load at which 
failure was expected. The extensometer was removed before 
failure. 

From these data the stress and strain were computed. Then 
diagrams of stress versus strain, Fig. 4, and strain versus time, 
Fig. 5, were plotted. The modulus of elasticity was determined 
in each case from the slope of the initial part of the stress-strain 
curve. The yield strength’ at 0.05 and 0.2 per cent offset could 
not be determined owing to the fact that the straight specimens 
failed at the shoulder before the stress in the gage section became 
high enough to produce an offset of 0.05 per cent. 

The rate of strain was determined from a time-strain curve 
(see Fig. 5), by measuring the slope of this curve in the region just 
below the value of strain above which the stress was no longer 


'See ‘Standard Definitions of Terms Relating to Methods of 
Testing,” A.S.T.M, Standards, part 3 (E6-36), 1942, p. 849. 
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TABLE 2 TENSION TESTS 
Stress-strain tests (constant cross section specimens) 


MAY, 1946 


IPanelon Urn ber -aiieitertteretetreysisrsescete 5 204 205 206 207 208 209 
‘Ty pelotoresiny sense eerie A A B B Cc Gl 
Molding pressure, psi............. 1500 600 1500 600 1500 600 
No. of specimens tested........... 2 2 2 2 2 2 
Modulus of elasticity, psi X 10~*.. 4.10- 3.70- 4,20- 3.90- 4.12- 3. 86— 
4.13 3.74 4.20 3.94 4.34 3.90 
IAViOLALO ya serecntiercieisiarolercteieherete 4.12 3.72 4.20 3.92 4.23 3.88 
Approximate rate of strain, in. per 
in; per win Aas cewt esos eyes 0.0017 0.0013 0.0017 0.0015 0.0015 0.0014 
Ultimate-strength tests (reduced cross section at center of specimen) 
No. of specimens tested........... 3 3 3 2 3 2 
Ultimate strength, psi............ 56500- 44500- 55600- 44400— 53000- 49000- 
51700 42800 53600 42600 50000 46800 
AVCIARC. 50sec ec cmes « Pcahiets 53700 43600 54600 43500 51300 47900 


proportional to strain. The tangent line used is shown in Fig. 5. 

Results of the tension tests are shown in Table 2. The aver- 
age modulus of elasticity in tension was found to vary from 3,720,- 
000 to 4,230,000 psi, depending on the resin and molding pres- 
sure used; and the average ultimate strength was found to vary 
from 43,500 to 54,600 psi, depending on the resin and molding 
pressure. The data in Table 2 show that both the ultimate 
strength and modulus of elasticity are higher for compreg molded 
under 1500 psi pressure than for compreg molded at 600 psi. 
This is true for each of the three resins investigated. The in- 
crease in ultimate strength, resulting from increasing the molding 
pressure from 600 to 1500 psi, was 23.2 per cent when resin A was 
used, 25.5 per cent when resin B was used, and 7.1 per cent when 
resin C was used. The corresponding increase in tensile modulus 
of elasticity was 10.7 per cent with resin A, 7.2 per cent with resin 
B, and 90 per cent with resin C. 


Ssort-Time Compression TEsts 


Compression specimens were tested in the same machine as the 
tension specimens and under the same temperature and humidity 
conditions. In order to minimize the effect of possible eccentric 
loading the specimens were tested by using a compression tool A, 
shown in Fig. 6. A compressometer B, of 1 to 1 ratio having a 
0.0001-in. ‘Last Word”’ dial and 1-in. gage length was used to 
determine the strain. As in the case of the tension tests, the in- 
strument was supported on a light coil spring. 

Two different shapes of specimen, Fig. 1, were required, one to 
determine stress-strain relations and the other the compressive 


. F l : ; 
strengths. The 2-in. specimen (: = 16) was used with the 1 


in-gage-length compressometer to determine the compressive 
strength of the material. 


6 
Les the ratio of the length of the specimen to the radius of gyra- 
r 


tion of the cross section of the specimen, 


TABLE 3 COMPRESSION TESTS 
Stress-strain tests (2-in. specimens) 


Panel Munger « «sien. siciers eis savas nrese 204 205 
Type iO resiniis.ersicitieersiite ee eee A A 
Molding pressure, psi............. 1500 600 
Number of specimens tested....... 2 2 
Modulus of elasticity, psi X 1078.. 4.00- 3.64- 
4.42 3.94 
INVOVABON joe ccc che vince Beare waves a Inetetecs 4.21 3.81 
Yield strength at 0.2 per cent offset 20900 18500- 
DBE sa see’ eet bate wth: Ate brierelarmnge A eee 20400 19300 
, VOlaASGnvaataesepohvec teletoe 20700 190 
Yield strength at 0.05 per cent offset ye 
DS (aos Ae ees heen tae 18900- 16400-— 
19500 18100 
ANGLES RE sf reaie iiss Homer rite 19200 17500 
Approximate rate of strain, in. per 
phil asd Ae SOO OU OAH 0.0014 0.0015 


Fia. 6 Compression APPARATUS 


Compressive-strength tests (1-in. specimens) 


Number of specimens tested 3 4 
Ultimate strength, psi........ 24100- 22400- 
24200 22800 
Averages aaaceek eee 24200 22700 


206 207 208 209 
B B Cc Cc 
1500 600 1500 600 
3 3 3 2 
4.16— 3.92— 4.30- 3.90- 
4.18 4.20 4.38 3.98 
4.17 4.07 4.33 3.94 
21400- 20400- 21500- 19500— 
22500 21600 21800 20200 
21900 21000 21600 19900 
19800-— 19000— 20000-— 18200— 
20300 20200 20100 19000 
20000 19400 20100 18600 
0.0015 0.0014 0.0015 0.0015 
4 4 4 4 
26600-— 25000- 23800- 22600-— 
27000 25300 25600 23000 
26800 25200 24500 22800 


FINDLEY, WORLEY, KACALIEFF—EFFECT OF MOLDING PRESSURE AND RESIN ON TESTS OF COMPREG 321 


22000 
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* 12000 
n 
+f 
© 10000 
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“va 
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Panel Resin Content% gravity 
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4000 205 28.0 122 
206 35 1.36 
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: 2000 209 285 1.24 
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Fie.8 Srrarn-Time Curve or ComMprnG IN COMPRESSION 


During the compression tests of the 2-in. specimens, readings 
of load, deformation, and time were recorded. From these data 
the stress and strain were computed, and stress-strain and strain- 
time curves were plotted. Fig. 7 shows the stress-strain curves 
for the compression tests, and Fig. 8 shows a sample strain-time 
curve from a compression test. The modulus of elasticity, yield 
strength at 0.05 and 0.2 per cent offset, and the rate of strain 
were determined from these curves. The rate of strain in the 1- 
in. specimen was determined by comparing the loading rate with 
the loading rate in a 2-in. specimen. The loading rate was ob- 
tained by plotting a load-versus-time curve. 

Results of the compression tests are shown in Table 3. The 
average modulus of elasticity in compression was found to vary 
from 3,810,000 to 4,330,000 psi, depending on the resin and Fie.9 Torsion APPARATUS 
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molding pressure used, and the average ultimate strength in com- 
pression was found to vary from 22,700 to 26,800 psi, depending 
on the resin and molding pressure. The data in Table 3 show 
that the modulus of elasticity, ultimate strength, and yield 
strengths in compression are about 5 per cent higher for compreg 
molded under 1500 psi pressure than for compreg molded at 600 
psi. This is approximately true for each of the resins investi- 
gated. 

The increase in modulus of elasticity in compression resulting 
from increasing the molding pressure from 600 to 1500 psi was 
10.5 per cent when resin A was used, 2.5 per cent when resin B 
was used, and 9.9 per cent with resin C. The corresponding in- 
crease in ultimate strength was 6.6 per cent with resin A, 6.3 per 
cent with resin B, and 7.5 per cent with resin C. The increase in 
yield strength at 0.2 per cent offset was 8.9 per cent with resin A, 
4.3 per cent with resin B, and 8.5 per cent with resin C. Corre- 
sponding values for the yield strength at 0.05 per cent offset are 
9.7, 3.1, and 8.1 per cent, respectively. 

Short-Time Torsion Tests. The special torsion-testing ma- 
chine used for these tests is shownin Fig.9. The machine was con- 
structed as an attachment for a low-capacity tension-testing 
machine. The pendulum-weighing system of the tension-test- 
ing machine was used as the torque-measuring device for the tor- 
sion machine. This was accomplished by attaching to the tension 
machine a twisting head, A, Fig. 9, driven by a double worm 
drive. A special chuck B was attached to the shaft of this 


Fic. 10 Derrrusion GAGE 
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“twisting head and another chuck C to the axis of the pendulum 
D. These chucks were designed to apply a torque to the speci- 
men with slight danger of inducing bending. This action was 
further assisted by mounting the specimen on centers and apply- 
ing the torque as a couple by means of adjustable screws. 

The gage used for measuring the shearing strain is shown in 
Fig. 10. It was designed to accommodate materials whose ulti- 
mate shearing strain was relatively small and also materials 
which might twist 2 or 3 revolutions in a length of 2in. The 
instrument consisted of two rings A, Fig. 10, which were slipped 
over the specimen and fastened to it by three adjusting screws in 
each ring. A gage length of 2 in. was obtained by use of a re- 
movable spacer B. To one of the rings was fastened a circular 
scale C, for measuring large angles of twist. Two 10-in. arms D 
fastened to the same ring carried scales on the ends, which were 
used to measure small shearing strain. Adjustable pointers 2, 
were attached to the other ring in such a way as to indicate the 
readings on their respective scales. 

Laminated materials, such as the compreg described herein, 
are anisotropic, that is, their properties are not the same in all 
directions. In the tension and compression specimens the maxi- 
mum normal stress was parallel to the grain direction throughout 
the test specimen. However, in a tors.on specimen with axis 
parallel to the lamination, both the tension and shearing stresses 
had different directions (relative to the direction of the wood 
grain and the plane of laminations) at different points around the 
circumference of the specimen. Thus the equations of stress and 
strain for torsion of an isotropic member cannot be expected to 
indicate accurately the stress or strain in this anisotropic mate- 
yial. Nevertheless, the following equations developed for iso- 
tropic materials were used here to give nominal values of shearing 
stress and strain as a basis for comparison: The equation for 
shearing stress in a circular member of an isotropic material 


; ae Tc , ; 
subjected to torsion is 7 = —, and the corresponding equation 


: ae cé 
for shearing strainis y = T 


In the case of a laminated material, the torsion test may serve 
as an indication of the relative shearing strength 
of the bond between laminations, that is, in a 
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TABLE 4 TORSION TESTS 


204 205 206 207 208 209 
A A B B Cc Cc 
1500 600 1500 600 1500 600 
2 3 3 3 2 2 
Shearing euod eu, of elasticity, ‘psi 
Det OTOL te cectaoratalsrais Sime av stares 0.286- 0.246- 0.326- 0,295- 0.303-" 0.238- 
0.292 0.249 0.347 0.302 0.308 0.263 
Average..... naoiiae craters 0.289 0.248 0.337 0.298 0.306 0.251 
Shearing yield strength ae 0. 2 per 
cent offset, ‘Pst... .ssccesies etc 4740- 4040- 7230- 5610- 5840- 4540- 
5460 4420 8000 5820 5920 5150 
WAVOL AZO) oxctelsicfeloncie cities 5100 4180 7720 5700 5880 4850 
Shearing yield strength at 0. 05 } per 
cent, offset psis tc. 5... ahteas «o.0'% 3180- 2760-— 5840- 3960- 4460- 3420- 
3980 3340 6700 4400 4580 4290 
AVOL AZO! ois in /es\6 «(overs Brice dine 3580 2960 6340 4120 4520 3860 
Modulus of rupture in torsion, psi.. 6720 4940-— 9630- 6740- 8400 4670-— 
5110 9960 7120 5680 
PBVOLA ZO he.--:ske, 12's: Ur oa tog 67202 5060 98006 6980 84002 5180 
Approximate rate of Strains in. per 
ANS PORN vias soles = 9 8.4 condo 3.5 Sc 0.015 0.016 0.014 0.015 0.015 0.016 


@ One specimen. 

6 Two specimens. 
During the torsion test simultaneous readings of torque, angle 
of twist, and time were recorded. The nominal shearing stress 
at the surface of the cylindrical specimen and the nominal shear- 
ing strain were computed from the relationships just given. 

Curves of shearing stress versus shearing strain, Fig. 11, and 

time versus shearing strain, Fig. 12, were then plotted. The 
shearing modulus of elasticity Gand rate of shearing strain were 


Fie. 13 Fracrurep Specimens 
(a, Tension; b, short compression; c, long compression; d, torsion.) 


determined from these curves as in the case of the tension tests. 
It may be observed that the strain-time curve for torsion is prac- 
tically a straight line, as compared with the curved strain-time 
diagrams for tension and compression. This is due largely to 
the greater stiffness of the machine compared to that of the speci- 
men in the case of the torsion tests. 

The results of the torsion tests are given in Table 4. The 
average shearing modulus of 
elasticity G,as determined from 
a torsion test, was found to vary 
from 248,000 to 337,000 psi, 
depending on the resin and 
molding pressure used, and the 
average modulus of rupture 
varied from 5060 to 9800 psi, 
depending on the resin and 
molding pressure. The data 
in Table 4 show that the shear- 
ing modulus of elasticity, 
modulus of rupture, and yield 
strengths were higher for com- 
preg molded under 1500 psi 
pressure than for compreg 
molded at 600 psi. This was 
true for each of the three 
resins. The increase in modu- 
lus of rupture was particularly 
marked. Theincrease in shear- 
ing modulus of elasticity re- 
sulting from increasing the 
molding pressure from 600 to 
1500 psi was 16.5 per cent with 
resin A, 13.1 per cent with resin 
B, and 21.9 per cent with resin 
C. The corresponding in- 
creases in modulus of rupture 
were 32.8 per cent for resin A, 
40.4 per cent for resin B, and 
62.1 per cent for resin C. The 
yield strengths at 0.2 per cent 
offset were increased 22.0, 35.4, 
and 21.2 per cent for resins A, 
B, and C, respectively; and 
the yield strengths at 0.05 per 
cent offset were increased 
21.0, 53.9, and 17.1 per cent for 
resins A, B, and, C, respec- 
tively. 
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Fic. 14 Rovarrnc-CAaNTILEVER-BEAM FatigUE MacHINE 
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Fie.15 Roratinec-Bream Farticus Tests or COMPREG 


Mops or FAILurE 


Fractured tension, compression, and torsion specimens are 
shown in Fig. 13. Tension specimens are shown in Fig. 13(a). 
One of the straight tension specimens shows the type of failure 
which frequently occurred at the shoulder. Short compression 
specimens are shown in Fig. 13(b). These failures started as 
shear failures at 45 deg to the axis of loading. 

The long compression specimens, Fig. 13(c), failed initially in 
much the same manner as the short specimens. It was observed 
that the shear failures which are visible in the illustration did 
not occur until after the maximum load had been passed. A 
slight bulging was observed, however, as the maximum load was 
approached. 

A failed torsion specimen is shown in Fig. 13(d). This speci- 
men has been severely twisted to show the type of fracture. The 
initial fracture in each torsion specimen was a slight longitudinal 
crack resulting from the shearing stress parallel to the axis of the 


specimen. The crack was parallel to the grain but usually did 
not follow the glue line between plies. 


Faticur Trsts 


Fatigue tests were performed on a rotating-cantilever-beam 
type fatigue machine shown in Fig. 14. This machine consisted 
of a motor-driven spindle B to which the specimen A was at- 
tached coaxially by means of a split collet. A shaft extension 
C was fastened to the other end of the specimen by means of a 
collet machined integral with the shaft. The entire assembly 
(spindle, specimen, and extension shaft) was rotated at a speed 
of 6200 rpm by a motor driving through a V-belt. 

The specimen was bent downward by a load applied through 
a small ball bearing to the end of the extension shaft. This load 
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TABLE 5 SUMMARY 


Number Item 
1 Panel number stsesistvesaserive were 
2 Molding pressure, psi......... 
3 Specifio'gravity...2.....).... 
4 Tension modulus, psi X 10-6 
5 Tension strength, DSln ie encom ere 
6 Sopris modulus, psi X 
7 Compression strength, psi..... 
8 Compression yield strength at 
0.2 per cent offset psi....... 
9 Torsion (shearing) modulus, psi 
DRE BO Sale iar actiaye erases 
10 eet of rupture (torsion), 
LL Shoatne (torsion) yield 
rh at 0.2 per cent offset, 
12 Shoat strength parallel to lami- 
NATIONS DSN oases we ose eT se 
13 Impact, ft-lb per in. of notch.. 
14 ra strength at 107 cycles, 
15 Water absorption, per cent. 
16 Swelling, per cent............ 
17 Recovery, per cent........... 


was produced by a beam-and-poise mechanism D. The stress o 
at the minimum section of the specimen was computed from the 


M ; 
equation ¢ = = in which M was obtained from the load applied 


by the poise with suitable correction for the moment produced by 
the extension shaft. 

In order to determine the number of cycles to cause failure a 
counter # was attached to record the number of cycles and a 
microswitch F was used to stop the machine when a crack had 
started in the specimen. 

The data obtained from the fatigue tests of the six compreg 
panels is shown in Fig. 15, plotted as c—N diagrams. The tests 
were carried out to-at least 10,000,000 cycles. It was observed 
that the fatigue-test results were nearly the same for four out of 
the six panels. The panel made with resin B and molded at the 
high pressure had the best fatigue characteristics, while the panel 
made with resin C and molded at low pressure had thé poorest 
fatigue characteristics. 

Fig. 16 shows the fatigue curves grouped in pairs according to 
the resin used. This diagram shows that the fatigue curves for 
resin A are almost identical. The different molding pressures 
made no difference. In the case of resins B and C, however, the 
ordinate (stress) of the fatigue curve was about 12 per cent higher 
when the panels were molded at 1500 psi than when molded at 
600 psi. 

The fatigue strength at 10,000,000 cycles is tabulated as item 
number 14 in Table 5. The term “fatigue strength’’’ refers to 
the maximum amplitude of an alternating stress cycle which will 
not cause fracture of the material for a given number of cycles of 
alternating stress. In other words, the fatigue strength is given 
by the ordinate to the o—N curve at the given number of cycles. 
In this report, the number of cycles used was 10,000,000. 

The fatigue strength at 10,000,000 cycles was 11,800 psi with 
resin A for both molding pressures; with resin B, the fatigue 
strength was 12,000 psi, for the low molding pressure and 13,400 
psi for the high pressure, an increase of 11.7 per cent; with resin 
(Gy the fatigue strength was 10,600 psi for the low pressure and 
12,000 psi for the high pressure, an increase of 13.2 per cent. 


COMPARISON OF RESULTS 


Average values of all properties determined for the six panels 
are summarized in Table 5. A study of this table discloses that 
panel 206, molded at 1500 psi with resin B, showed the best 
vroperties in 9 out of 14 items tabulated (numbered 3 through 
16). The 17th item, recovery, was difficult to evaluate in this 


7See A.S.T.M. designation D671-42T, A.S.T.M. Standards part 
III, 1942, p. 1251. 


Resin A Resin B Resin C 

204 205 206 207 208 209 
1500 600 1500 600 1500 600 
L236) 1. oe 1.36 1.24 1.3% 1.24 
4.12 3.7 4.20 3.92 4.23 3.88 
53700 43600 54600 43500 51300 47900 
Sol 135) 9) 4.47 A.07 4.33) 3.94 


26800 25200 
21900 21000 


24200 22700 
20700 19000 


24500 22800 
21600 19900 


0.289 0.248 0.337 0.298 0.306 0.251 
6720 5060 9800 6980 8400 5180 
5100 4180 7720 5700 5880 4850 
4840 3640 4450 4230 4340 3620 
10.0 8.3 thot Gai! 9.4 6.6 
11800 11800 13400 12000 12000 10600 
320° 750 De 5.0) Pe see! 
14.2 13.9 are Bt “ables abe 3 
2.90 2.97 1.87 2.22 2.28 2.00 


manner and will not be included in the comparison. This panel 
(number 206) was next to the highest in tensile modulus, compres- 
sion modulus, and shear strength parallel to the laminations, but 
was fourth from the highest in impact strength, and of course 
had a higher specific gravity than the materials molded at low 
pressure. Panel 204 had the highest impact strength and shear 
parallel to the laminations; and panel 208 had the highest tension 
and compression moduli. 

When the properties of the three panels molded at low pres- 
sure were compared, it was found that panel 207 molded with 
resin B had the best properties in 11 out of 14 items. It had a 
specific gravity slightly higher than panel 205, a tensile strength 
inferior to that of panel 209, and had the lowest impact strength of 
the group. 

No account was taken of the specific gravity in comparing the 
properties of the six panels so that the low-pressure panel of resin 
B may be as good or better (depending on the property and 
application) than the high-pressure panel with resin B, for ap- 
plications where weight is a prime factor. 
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Discussion 


A. G. H. Dierz.2 The authors have carried out an excellent 
series of tests and have obtained information which extends our 
knowledge of the behavior of compreg. 

In an attempt to correlate their results with those reported by 
the writer and his collaborator in a previous joint paper,® the re- 
sults summarized in Table 5 of the paper have been reduced to a 
common base by dividing the values obtained in tests 4 to 14, 
inclusive, by the specific gravities of the individual panels. 
Furthermore, taking panels 206 and 207 as points of reference, 
because they have the highest resin contents and also, generally 
speaking, have the highest values, ratios of values for panels 206 
and 207 to those of 204 and 208, and 205 and 209, respectively, 
have been drawn. The results are summarized in Table 6 of this 
discussion. 

It is, of course, not safe to generalize from these results, but 
certain factors are worthy of note because they may be indicative 
of trends: 

1 When reduced to a common base (specific gravity reduced to 
1.00) most of the values become more nearly equal, but consider- 
able differences still exist. In panel-pairs 204-205 and 206-207, 
the higher density material has higher tensile strength, but the 
reverse is true of 208-209. In every pair, however, the lower den- 
sity material has the higher compressive strength. Furthermore, 
in every pair the lower density material has higher moduli of 
elasticity in both tension and compression, although the differ- 
ences are generally slight. 

2 Shear characteristics and impact strength, unlike the general 
trend in tension and compression, appear to be benefited by 
higher densities. With one exception, every test, e.g., torsion 
(shearing) modulus, torsion modulus of rupture, shearing yield 


8’ Associate Professor of Structural Engineering and Materials, 
Department of Building Engineering and Construction, Massachu- 
setts Institute of Technology, Cambridge, Mass. 

9 Reference 11 of authors’ Bibliography. 
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strength, shear strength parallel to laminations, impact, the 
higher density material is superior to the lower. ‘The one excep- 
tion is in 206-207, shear strength parallel to laminations. 

3 In fatigue, the results are apparently not so clear. In pairs 
206-207 and 208-209, the higher density material is slightly su- 
perior, in 204-205 the reverse is decidedly indicated. 

It is interesting to compare panels 206 and 207, which have the 
highest resin contents, with the other panels made at the same 
pressures. In the high-density panels, the resin ratios for 206/204 
and 206/208 are 1.10 and 1.13, respectively. For the low-density 
panels, the ratios for 207/205 and 207/209 are 1.14 and 1.12, re- 
spectively. With these in mind, the following factors may be 
worthy of note: 

1 Although the ratios of most of the tensile and compressive 
values of panels 206 and 207, as compared with the other panels, 
are greater than unity, none of them is as great as the ratios of the 
resin contents. Increasing the resin content does not appear to 
increase these values proportionately. As might be expected 
from the characteristics of wood and resin, compressive strength 
is most nearly proportional, tensile strength less so. 

2 With the exception of shear strength parallel to laminations, 
all the ratios of shear values, e.g., torsion (shearing) modulus, 
torsion modulus of rupture, shearing yield strength, are propor- 
tionately higher than the ratios of resin content. Increasing 
resin content appears to aid these properties. Shear parallel to 
laminations is proportionately lower in the high-density panels 
but the reverse in low density. 

3 Impact values follow previous experience; the higher the 
resin content, the lower the impact strength. 

4 Fatigue values are inconclusive, high-density panels give re- 
sults favorable to higher resin content, low-density panels the re- 
verse. 

In the paper previously referred to,? fatigue results were com- 
pared with static moduli of rupture (bending). In the present 
paper mo moduli of rupture are given, but if it is assumed, as a 
rough approximation, that moduli of rupture lie halfway between 
the tensile and compressive strengths, the fatigue values are ap- 
proximately 30 to 35 per cent of the moduli of rupture. This is 
in approximate agreement with the results previously reported.® 


The matching of panels is not en- 
Will the authors explain this matter 


Henry GRINSFELDER.! 
tirely clear to the writer. 
more fully? 

Do the values obtained with resin B represent definite proof 
that this is the best of the three resins tested, or is the improve- 
ment obtained by virtue of the higher resin content? 

While the properties tested and the values obtained show the 
merit of compreg as it is prepared initially, is there any knowl- 
edge of how much of its strength is retained after outdoor ad 
sure for one year? 


10 The Resinous Products & Chemical Company, Philadelphia, Pa. 


TABLE 6 AUTHORS’ TABLE 5 REDUCED TO COMMON BASE? 


Z 
2 


Panel number 
Resin content, per cent 
Molding pressure, psi 
Specific gravity 
Tension modulus, psi 
Tension strength, psi 
Compression modulus, psi 
Compression strength, psi 
Compression yield strength at 0.2 per cent offset, p 
Torsion (shearing) modulus, psi 10-* 
Modulus of rupture (torsion), psi 
Shearing (torsion) yield strength at 0.2 per cent offset, psi. 
Shear strength parallel to laminations, psi 
Impact ft-lbiper inwolimotehy pie ladve hacnenensloeraierartarer 
Fatigue strength at 107 cycles, psi 


COONMAP wr 


10 


a Specific gravity reduced to unity. 


———Panel ratios —_—. 


206 207 

204 208 205 209 
205 206 207 208 209 
28.0 31.5 32.0 28.0 28.5 L1G) Viis) | Vaal ts 
600 1500 600 1500 600 
1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.02 1.00 
3.05 3.09 3.16 3.09 3.13 1.02 0.99 1.05 1.01 
35800 40100 35100 37500 38600 1).02), 1 06" 41.008 O01 
3.12 . 06 3.28 16 .18 0.99 0397 2 LO e108 
18600 19700 20300 17900 18400 Leite L080 it) ono 
15600 16100 16900 15800 16000 10655 T2010 Re 1506 
0.203 0.248 0.240 0.224 0.202 LedfoE20 Oe Te 
4150 7200 5630 6130 4180 L450 LATS WSS iO Sie6 
3430 5680 4600 4300 3900 1.8), ladle eh. sheet ii 
2980 3270 3410 3170 2920 ONO Zim Ls OStmmnil LG mamerL aa, 
6.8 5.7 4.9 9 5.3 0.78 O.83 0.74 0.92 
9700 9900 9700 8800 8600 1,149) 4512" W502, 1h03 
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A. J. Sramu.44 While the tests on compreg are obviously not 
extensive enough to afford a close quantitative evaluation of the 
effect of molding pressure and resin content on static and dynamic 
strength, the fact that the veneer was carefully matched in 
making up the samples affords a means of securing fairly accur- 
ate comparative values for the three resins and two pressures 
used. The data, however, should not be construed as necessarily 
representing average values for compreg made with these par- 
ticular resins, such as would result from more extensive sampling. 

The Forest Products Laboratory has, in the past, advocated 
the use of a water-soluble phenolic resin in preference to an alco- 
hol resin for making compreg, largely because of the greater di- 
mensional stability and lack of recovery. The alcohol-soluble 
resin used'in the panels described in the paper, however, gave 
much less water absorption, swelling, and recovery than the al- 
cohol-soluble resins in use in making compreg at the beginning 
of the war. The explanation is that this alcohol-soluble resin has 


been modified to make it more like the water-soluble resins with ° 


a low degree of condensation and high fiber-penetrating power, 
and still retain its advantage in giving higher impact strength. 
The advantages claimed in various Forest Products Laboratory 
reports for water-soluble resins, although still existing, are no 
longer as important. 

It is felt that all three of the resins used in making the panels 
for which test data are given in this report are suitable for mak- 
ing high-quality compreg. 


AutHors’ CLosuRE 


The authors wish to express their thanks to the discussers for 
their valuable contributions to this paper. Mr. Dietz has made 
some very interesting comparisons, but there is one point on which 
the authors are in disagreement with him. He has implied that 
dividing the various mechanical properties by the specific gravity 
reduces them to a common base for all panels. 

This seems misleading. The results as reported by the authors 
were on a common base with regard to actual strength, stiffness, 
etc., and as indicated in the paper the relative merits of the panels 
might be different for different applications when weight is con- 
sidered. 

Mr. Dietz has implied that the strength of structural members 
of equal weight made of materials of different specific gravity 

can be compared by dividing the appropriate mechanical prop- 
erty by the specific gravity and comparing the resulting quantity. 
This is true for only certain specific cases, such as: tension mem- 
bers of the same length, short compression blocks of the same 
length, beams of the same length and depth, and long columns of 
the same length and depth of section which fail by buckling 
in the plane of the depth dimension. 

However, this is not true for many other cases. The ultimate 
load-carrying capacity of beams of equal weight having the same 
length and the same width but made of materials having differ- 
ent specific gravity may be compared by dividing the flexural 
modulus of rupture for each material by the square of its specific 
gravity and comparing the resulting quantities. 

Similarly the ultimate torque-carrying capacity of circular 
shafts of equal weight and length may be compared by dividing 


11 Chief, Division of Derived Products, U. 8. Forest Products 
Laboratory, U. S. Department of Agriculture, Madison, Wis. 


the torsional modulus of rupture of each of the materials by its 
(specific gravity)’/* and comparing the resulting quantities. 

Also the ultimate load-carrying capacity of long columns of 
equal weight and of the same length and width of section which 
fail by buckling in the plane of the depth dimension may be com- 
pared by dividing the effective elastic modulus for bending of 
each of the materials by the cube of its specific gravity. 

The stiffness of structural members can be compared in a simi- 
lar manner. The stiffness of bars of equal length subjected to 
axial loads of either tension or compression (where no buckling 
is involved) can be compared by dividing the appropriate elastic 
modulus of each material by its specific gravity; and the stiffness 
of circular shafts of equal length in torsion can be compared by 
dividing the shearing modulus of elasticity of each material 
by the square of its specific gravity. 

These relationships can be derived from the equations for load 
or stiffness and the given restricting conditions such as the same 
weight for both structural members and the same length for both 
structural members. 

Inasmuch as the panels for these tests were prepared by A. J. 
Stamm, who has been directly connected with the development 
of compreg, the authors have referred the questions raised by Mr. 
Grinsfelder to Mr. Stamm. His reply is as follows: 

“The panels were matched as follows: Eighteen sheets of 
1/16 by 28 by 54 in. rotary cut yellow-birch sapwood veneer con- 
forming to AAF Specification 15065 were stacked and cut into 8 
piles of plies approximately 14 in. wide and 13!/2 in. long. The 
stacks of plies were numbered 204 to 211; 204, 206, 208 and 210 
being matched consecutively in the fiber direction, and 204 and 
205, 206 and 207, 208 and 209, and 210 and 211 being matched in 
the tangential direction of the tree. Stacks 210 and 211 were re- 
tained by the Forest Products Laboratory for future reference. 
Stacks 204 and 205 were treated with resin A, 206 and 207 with 
resin B, and 208 and 209 with resin C. The even-numbered 
stacks were assembled at 1500 psi and the odd numbers at 600 
psi. As matching in the fiber direction of the wood is better 
than side matching, the matching for the resin type variable was 
better than for the pressure variable. 

“The data presented in this paper are insufficient to draw con- 
clusions regarding the small variations in properties. The only 
differences which we believe are real on the basis of other data 
obtained by the Forest Products Laboratory are the water ab- 
sorption, swelling, and recovery, and the compressive strength 
and impact strength (Izod). Water-soluble resins of the type 
illustrated by resin B, we believe, penetrate the cell-wall struc- 
ture more completely than the alcohol-soluble resins as repre- 
sented by resin A. 

“This greater penetration results in somewhat better moisture 
stability and makes the cell wall more vigi resulting in an in- 
crease in compressive strength but a decrease in impact strength. 
Tensile strength, modulus of rupture in bending, and shear 
strength appear to be affected little by the type of resin used. 
Little significance can be placed on differences in these values. 

“All three of these compregs have excellent properties. From 
the user’s standpoint there is little to choose between them. 
Resin A, however, is exceptional among alcohol-soluble resins in 
giving high dimensional stability. More advanced alcohol- 
soluble resins will give inferior dimensional stability properties.” 
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Glue-Line Stresses in Laminated Wood 


By A. G. H. DIETZ,! HENRY GRINSFELDER,? anp ERIC REISSNER? 


‘ 

With intensified use of timber beams, consisting of 
laminations of relatively thin boards and planks glued 
together, the problem of glue lines coming apart under 
changing conditions of moisture content in the timber 
has become of considerable importance. From an ex- 
amination of glued timbers undergoing changes in mois- 
ture content, it appears that delamination, when it occurs, 
most frequently does so when the moisture content is 
being reduced; during such a dehydrating phase not only 
does shrinking take place but also checking of the wood. 
Results of experimentation and field trials indicate that 
thin laminations are better than thick ones for gluing, 
and wood species with low moduli are better than species 
with high moduli. Adhesives must be employed which 
have high shearing strength and high tensile strength 
perpendicular to the glue line if laminated beams are to 
be dependable in service. 


INTRODUCTION 


ITHIN recent years, timber beams, consisting of lamina- 

\ \ tions of relatively thin boards and plank glued together 

to form large curved or straight members, have found 
rapidly increasing use. It has been customary to employ 
cold-water-mixed room-temperature-setting adhesives in the 
fabrication of such timbers. Experience indicates that under 
conditions of changing moisture content in the timber, glue lines 
sometimes come apart. 

It has been known for some time that thick wood members are 
more difficult to glue than thin. Plywood has been successfully 
bonded over a period of years with resin adhesives, but serious 
difficulty has often been encountered when the thickness of one 
or more plies has exceeded about !/, in. It is also known that 
plywood made of 1/s-in. veneer is more apt to delaminate during 
outdoor exposure than is plywood made of 1/;s-in. veneer. In 
edge-glued lumber difficulties have been caused by sunken joints. 
Troubles have arisen in gluing plywood surfaces to lumber cores. 
More recently, considerable interest has been aroused by the 
problem of laminating oak for exposure to such severe conditions 
as are found around ships’ keels. 

The difficulty has not been one of obtaining a good initial bond 
but rather one of preventing delamination after relatively short 
periods of exposure to service conditions. In the laboratory, 
joints which initially fail in the wood at values above 2800 psi, 
when tested in compression-shear blocks, are frequently de- 
laminated by immersing in water for 7 days and drying to 8 per 
cent moisture content. The glues used are those usually con- 
sidered to be waterproof or water-resistant. 

Many theories, i.e., acids of the wood, tannins in the wood, 
high hydrogen-ion content of the wood in salt water, each or all 
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weakening the adhesive bond, have been advanced to explain 
this phenomenon, However, no real proof has been produced 
supporting these theories, and from an analysis of the available 
facts, it would appear that certain fundamentals concerning 
wood and gluing need re-examination. 

When wood increases in moisture content it expands. If wood 
is glued and then permitted to increase or to decrease in moisture 
content, either the wood expands and takes the adhesive with it, 
the adhesive restrains the wood and prevents expansion, or de- 
lamination occurs and the wood leaves the adhesive. However, 
when wood shrinks due to loss of moisture, wood failure in the 
form of splits, or “checking,” may occur in place of glue failure 
or delamination. In laminated wood, unlike plywood, notice- 
able expansion and contraction take place as the moisture con- 
tent of the laminations changes. Good glue joints, therefore, 
depend upon the ability of an adhesive to follow or to restrain the 
wood during the changes in dimensions caused by changes in 
moisture content. 


GuveE-LineE Stresses Causep By Moisture CHANGES 


In order to obtain an indication of the nature of the stresses 
set up in the glue lines of laminated timbers as the moisture 
content changes, two cases have been investigated mathe- 
matically. In both, the beam consists of two parallel-grain 
laminations of equal thickness, Fig. 1(a). They represent the 


(5) 


(c) 
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Fig. 1 Typrs or LAMINATED BrAms 


(a, Cross section through two-layer laminated beam of material having 

Young's moduli Zz and Fy in z- and y-directions; shear modulus Gry, and 

dimensions shown. 6, Two-layer beam of edge-grain wood. c, Two-layer 
beam of flat-grain wood.) 


probable extreme cases; one in which high shear stresses are 
set up in the glue line without any normal stress perpendicular; 
the other in which high normal stresses perpendicular to the glue 
line occur but no shear stresses. For most beams consisting of 
several laminations, the usual condition would be intermediate 
between these extremes. 

The mathematical analysis, omitted here for the sake of 
brevity, leads to conclusions which follow: 
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Fie. 2 Cass 1—Cross Snction THroucH Two-Layver Buam WITH 
One LAMINATION TENDING TO EXPAND OR ConTRACT UNIFORMLY 
BecausE oF UNiroRM CHANGE IN MoistugE CONTENT 


(Other lamination unchanged in moisture content. Shear stresses have 
sharp maxima at edges of beam.) 


Case 1. Two laminations of equal thickness, one of which 
undergoes uniform moisture change tending to increase or de- 
crease its width whereas the other remains unchanged, as illus- 
trated in Fig. 2. 

No normal stresses perpendicular to the glue line are set up. 
“Rolling” shear stresses do occur as one lamination tends to ex- 
pand or contract past the other. These stresses are largely con- 
centrated at the ends of the glue line, decaying toward zero over a 
distance approximately equal to the thickness ¢ of the lamina- 


tion. Their maximum intensity is, approximately 
foun = DTN, EG ee eee (1) 
& = a(M, — M)) (see Fig. 2) 
where a = hygroscopic coefficient of expansion 
M, = initial moisture content 
M, = final moisture content 
E, = Young’s modulus of laminations in z-direction 


(parallel to glue line) 


E, = Young’s modulus of laminations in y-direction 
(perpendicular to glue line) 
G,, = Shear modulus in zy-plane 


ty 


Case 2. Two laminations of equal thickness, in which the 
moisture content changes in a parabolic manner, as shown in 
Fig. 3. Moisture change is symmetrical about the glue line, 
and no shear stresses are set up in the glue line. Normal stresses 
oo occur perpendicular to the glue line, with maximum intensities 
at the ends, as shown in Fig. 3. For isotropic materials their 
maximum intensity is given by 


Soman = 0 45H, oo oicteicc siefeewiae csc» [2a] 


A modification of this formula for anisotropic materials, such as 
wood, is 


PMR eT oT operons [2b] 


where the symbols have the same significance as in Equation [1], 
except that ¢o is now the difference in hygroscopic strain between 
the outermost fibers and the fibers at the glue line. 

Equations [1] and [2a] have been obtained by minimum energy 
methods. A stress distribution was assumed of known shape in 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


the direction across the thickness of the laminations while the 
variation of the stresses in the direction of the glue line was 
determined entirely by the energy method. A further approxi- 
mation was made by saying that the state of stress was plane. 
It is believed that the values of the maximum stresses will be 
changed slightly only #f plane strain is assumed instead of plane 
stress but this should still be confirmed by calculation. With 
regard to Equation [2b] it should be said that this is a plausi- 
ble generalization of Equation [2a] for the isotropic material. 
Equation [26] has, however, not been obtained by solving directly 
the problem for the anisotropic material. It is hoped that the 
theoretical work leading to the foregoing results may be continued 
so as to cover the points mentioned, as well as to obtain results 
which go beyond those given here. 

Numerical Examples. In order to obtain numerical values of 
stress for the foregoing expressions, it is necessary to find values 
of shear modulus and Young’s moduli across the grain, and of 
expansion across the grain caused by changes in moisture content. 

In Table 1 are given some measured and some estimated 
values of shear modulus and Young’s moduli for various species 
of wood. Shear modulus is in the radial-tangential plane (cross 
section of the wood); Young’s moduli are in the radial and tan- 
gential directions of the cross section.4 In Table 1 are also given 
estimated average values of the hygroscopic coefficient of expan- 
sion a, and a, in the radial and tangential directions. These are 
based largely upon values of shrinkage from fiber-saturation point 
to oven-dry condition.’ The hygroscopic coefficients a are there- 
fore the expansion per unit width of material for each per cent 
increase in moisture content. 

Case 1. Example. Suppose, for example, that at the time of 
gluing the lumber is at 12 per cent moisture content (M,) and that 
subsequently one lamination of the glued-up beam rises to the 
fiber-saturation point (M2) or 28 per cent. The total expansion 
per unit width then occurs over a range of 16 per cent, and 


6 = 16a, 
for edge-grain material, (Fig. 1b). 
6 = l6aq, 


for flat-grain material, (Fig. 1c). 

For the various species of Table 1, the values of maximum 
shear-stress intensity, as calculated by Equation [1], are then 
approximately as given in Table 2 under the heading Case 1. 

These values must be considered approximate, because the 
various constants, especially the moduli, are known only approxi- 
mately and show wide variation. Nevertheless, it becomes 
clear that heavy shear-stress concentrations may be set up at the 
outside edges of glue lines when only the outer lamination under- 


4“Report on Materials of Construction Used in Aircraft,’”’ by C. F. 
Jenkin, Aeronautical Research Committee (British), 1920; (also, 
from data of Forest Products Laboratory.) 

5 Wood Handbook, U. S. Department of Agriculture, Forest 
Products Laboratory. (Slightly revised June, 1940.) 


Fie. 3 Casp 2—Cross Section THrouas Two-Layer Bram WITH PARABOLIC 
CHANGE IN MoistuRE CONTENT 
(Normal stresses perpendicular to glue line have sharp maxima at edges of beam.) 
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TABLE 1 HYGROSCOPIC AND ELASTIC CHARACTERISTICS OF SELECTED SPECIES 


Hygroscopic coefficients 


Radial 
ar 

0.00179 

Douglas fir. 0.00178 
Mahogany.. 0.001702 

Bei te ee 0.00189 

SDE Otis sys sae eases exeiaroh a ciuagtseics 0.00154 

BIDMU sacs et oem ran een et en 0.00185 


& Estimated, 


goes marked change in moisture content while the others remain 
unchanged. This ‘‘rolling” shear stress would be sufficient to 
rupture either the wood or the glue line for a short distance in- 
ward, and failure would be progessively inward until the ratio of 
thickness of lamination to width of unruptured glue line became 
large enough to cause a diminution of shearing-stress intensity. 
It is worthy of note that stresses set up by edge-grained lamina- 
tions are generally less than those set up by flat-grained lami- 
nations. 

This is, of course, an extreme case, and one not apt to occur 
very often in practice. The usual conditions are more nearly 
approximated by Case 2, which will be examined next. 

Case 2, Example. In this example parabolic distribution is 
assumed for the change in moisture content across the total 
depth of a two-layer beam, Fig. 3. It was shown that under these 
conditions there would be no shear in the glue line, but that 
normal stresses perpendicular to the glue line would be induced 
as given by Equation [2a] for isotropic materials and by Equation 
(2b] for anisotropic materials such as wood. 

Assuming, for the sake of comparison with case 1, a 16 per cent 
change in moisture conditions; that is 


16a, 
l6a, 


€0 


or €0 


the normal stresses perpendicular to the glue line for the various 
species of Table 1, are as given in Table 2 under the heading Case 
2. As was true of case 1, flat-grain laminations induce higher 
stresses than do edge-grain laminations, but the difference is 
considerably greater than was true of Case 1. 

It is to be noted that the normal stresses given in Table 2 are 
maximum compression when the moisture content is increas- 
ing, and maximum tension when the moisture content is de- 
creasing. 

Here again we have a case in which extreme conditions are 
postulated. The beam is only two layers thick and both layers 
are undergoing extreme moisture changes, tending to cause 
both of them to bow in opposite directions. It must be kept in 
mind, also, that all the constants are subject to wide variation 
and that the data supporting all of them are meager. It is 
entirely probable that some of them change markedly with mois- 
ture content. Ifso, the computed stresses will be altered. 

To summarize, depending upon the distribution of moisture 
during a change in the moisture content of a laminated beam and 
depending upon whether the change is an increase or a decrease, 
the extreme conditions are as follows: 

1 No normal stress in the glue line, but shear occurring with a 
sharp maximum at the ends of the glue line. ‘Rolling’? shear 
stresses as high as 2100 psi or more are indicated under severe 
conditions. 

2 No shearing stresses in the glue line, but normal stresses 
occurring with a sharp maximum, either compression or tension, 
at the ends of the glue line. Theoretical stresses as high as 3240 
psi are indicated. 

In a laminated beam consisting of a number of pieces, the outer 
laminations would undergo the most marked moisture changes, 


—Elastic constants: 
Young’s moduli Shear modulus 


Tangential Radial Tangential 

at Er, psi Et, psi Grt, psi 
0.00272 238000 140000 36000 
0.00278 155800 113200 7100 
0.002704 140000 70000 22000 
0.00321 1750004 910002 350004 
0.00274 130000 70000 4600 
0.00253 172000 92000 34000 


TABLE 2 SHEAR AND See ea INTENSITIES IN GLUE 


Case lz. Case 2 oynax 

-—Shear stresses, psi. —Normal stresses, psi— 

: Edge-grain Flat-grain Edge-grain Flat-grain 

Species laminations laminations laminations laminations 
DAG Tals aio oi 1850 2160 1740 3020 
Douglas fir.... 660 880 940 1580 
Mahogany 1060 1150 910 1720 
ak eae 324 1660 2020 1360 3240 
Spruce.. ee 420 550 550 1130 
Welnata. cote... 1590 1590 1330 2130 


and the inner laminations would change moisture content along 
their exposed edges. Under these conditions both shear and 
direct stress perpendicular to the glue lines would occur, each 
perhaps one half as large as indicated in Cases 1 and2. In any 
event, stresses would probably be concentrated at the ends of the 
glue lines, tending to cause delamination there. 


CONCLUSIONS 


From an examination of glued timbers undergoing changes in 
moisture content, it has appeared that delamination, when it 
occurs, most frequently does so when the moisture content is 
being reduced. In other words, the dehydrating phase of a mois- 
ture-change cycle is the more severe. Not only does glue-line 
delamination occur more frequently during shrinkage but so also 
does checking of the wood. 

Extensive experimentation and field trials lead to the conclu- 
sion that thin laminations are better than thick for gluing, and 
that wood species with low moduli are better than species with 
high moduli. Increased strength of the wood when dry abetted 
by loss of plasticizing water in the glue line apparently are cumu- 
lative and a severe test for a glue. 

Consideration of the factors causing glue-line delamination 
should enable timber laminators to produce better, more durable 
stock. Lower bonding temperatures or shorter high-temperature 
schedules may be used if the glue-line stresses are reduced, so that 
in many instances the extra cost of thinner laminations or a 
thicker beam of a weaker species may be offset by increased pro- 
duction and durability performance. In any event, adhesives 
must be employed which have both high shearing strength and 
high tensile strength perpendicular to the glue line both when 
dry and when wet if laminated beams are to be dependable in 
service. 


Discussion 


F.J.Hanrauan.® Theauthorsare to be commended for their 
exploratory mathematical studies on intensity and distribution of 
glue-line stresses caused by moisture-content changes in wood; 
also for suggesting a method of reducing these stresses by inter- 
laying thin veneer in each glue line. 

There are some features of the paper on which additional data, 
explanation or discussion would be desirable. 

In case 1, it is stated, ‘“‘These stresses are largely concentrated 
at the ends of the glue line, decaying toward zero over a distance 
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approximately equal to the thickness ¢, of the lamination.” 
Is this statement based upon internal stress-strain studies or is 
it an assumption as to distribution of intensity of stress? Does 
this statement mean that the shear stresses set up at the glue line 
are independent of the face width (beyond a width equal to twice 
the thickness of lamination) of the lumber laminations glued 
together? 

The formula for maximum intensity of stress (authors’ Equa- 
tion [1]), appears to contain no thickness-of-lamination factor. 
Does this mean that the intensity of the shear stresses set up at 
the glue line due to moisture change is independent of the thick- 
ness of the laminations glued together? 

Without further explanation it is difficult to reconcile the fore- 
going quoted statement with the following statement under Case 
1: ‘... failure would be progressively inward until the ratio of 
thickness of lamination to width of unruptured glue line became 
large enough to cause a diminution of shearing-stress intensity.” 

Also it would be of interest if the authors could suggest an 
explanation of why the use of a thin interlayer of low-density 
low-moduli veneer between laminations of dense strong woods 
reduces or prevents delamination. Could it be that the thin 
relatively weak wood flows plastically, tending to permit some re- 
lative lateral movement of the denser layers? Or is the move- 
ment believed to be purely elastic? 

In such a complicated investigation one should not expect 
complete answers from early investigations but additional light 
on the subject, if available, would be helpful. 


VeRNE Kercuum’ anv O. H. Scuraper.’ Fearing the possi- 
bility that the opening paragraph of this paper may leave the 
impression that delamination of glue lines in laminated wood con- 
struction is a common occurrence in service, it is suggested that 
explanation be included that fabricators do not class such types 
of glue as waterproof or intended for exterior use, except where 
adequately protected from the elements. 

It would also be desirable to explain the reasons for increased 
difficulty in gluing with thick laminations. Atleast three factors 
enter into this relationship: (1) The problem of accurate sur- 
facing; (2) the effect of dimensional changes that take place after 
surfacing, both of which are emphasized with an increased thick- 
ness; and (8) the difficulty of obtaining intimate contact between 
laminations as pressure is applied. 

Both white oak and Douglas fir have been successfully lami- 
nated in quantity for ship parts at the two pilot plants, estab- 
lished by the WPB during the war, and numerous laminated boat 
parts have successful records of years of service under the severest 
kind of service conditions. In fact, not a single failure by de- 
lamination has occurred in these boat parts, and delamination 
need not be a problem if adhesives now on the market are used 
under the conditions for which. they are fitted. 

The authors leave the impression that the cold-water-mixed 
room-temperature-setting adhesives, such as casein or urea-resin 
types, should resist delamination after exposure to exterior con- 
ditions. Late tests by the Forest Products Laboratory show that 
under such service conditions only phenol, melamine, or resorci- 
nol-type glues, employed with careful observance of the required 
curing conditions, will withstand extreme service conditions. 
It would be well to indicate that ‘‘waterproof”’ and ‘‘water-re- 
sistant” are not synonymous terms, as the plywood manufacturers 
have spent a great deal of money in recent years in attempting to 
make this plain to the buying public, and to engineers and de- 
signers who may employ plywood under a wide range of service 
conditions. 

The formulas and calculations seem valid in so far as the 
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constants employed are valid. However, there are also several 
other factors which might have a bearing upon the mechanics 
of the problem: 

1 It is known that wood possesses certain “‘plastic-flow”’ or 
‘‘vield” characteristics, although at present no accurate deter- 
minations of these factors have been reported in literature. This 
property of wood is now the subject of extended study at the 
Forest Products Laboratory. The plastic-flow characteristics 
of wood are materially affected by changes in moisture content 
and may be responsible for the observed fact that delamination 
or wood failure along a glue line is far more evident during the 
drying or shrinking phase than in the swelling phase of laminated 
timbers. 

2 The assumption is made that a glue line in laminated wood 
is a continuous sheet or film and is capable of transmitting 
stresses as a continuous member. Actual observations of glue 
lines, made after delamination tests or shear tests, disclose that 
the continuous-sheet theory is not entirely substantiated, but it 
is found that the glue line is frequently broken and separated 
into strips which often coincide with the distribution of spring- 
wood and summerwood on the face of the lamination. 

In summarizing, the authors’ conclusions 1 and 2 should both 
be modified by the consideration of the plastic-flow characteristic 
which will tend to reduce the computed stresses. 

Again, under conclusions, the phrase, “consideration of the 
factors causing glue-line delamination,” is so used that it infers 
that timber fabricators are not concerned with these factors. 
This is not the case, as witness the many sound efforts made to 
improve commercial gluing techniques, the interest in specifica- 
tions that is being manifested, and the research on this subject 
that has been carried out in recent years. The fabricator is 
ready and willing to adopt any practice that will improve the 
quality without undue increase in cost. The use of low-strength 
interlayers of thin veneer would seem to increase cost and de- 
crease shear and bending strength. 

It would be desirable to distinguish between “delamination,” 
and ‘‘wood failure at the glue line,” as the former may result from 
improper laminating practices or improper use of adhesives, 
while the latter would indicate that it results from severe exposure 
and may be corrected by providing surface protection of paint, 
boxing or other type water-resisting coverings. 

It is important to bear in mind that laminating is a new in- 
dustry which is laboring under severe handicaps in the develop- 
ment of machinery and methods adaptable to volume production. 
It is desirable to make every effort to encourage good practices, 
provided they are not prohibitive from the cost standpoint, as it 
is certain that the industry will strongly oppose methods which 
increase the cost differentials that are now encountered in a com- 
petitive market. 


T. D. Perry.? This paper reveals a problem in the use of 
laminated timber that is furidamental, i.e., the internal stresses 
that may occur within the timber and independent of any super- 
imposed load. However, it is quite unlikely that two adjacent 
layers will at any time have a net differential of as much as 16 
per cent moisture content, since exterior moisture diffuses inward 
at a diminishing ratio, and even the imperfect barrier of a glue 
line will not retard such diffusion to any substantial extent. Do 
the authors agree with this statement? 

Another point to consider is the width of the glue joint across 
the grain of the lumber. It is conceivable that unit stresses 
would not be troublesome over a 1-in. width, but they might be 
very serious over a 12-in. width. Itis probably a fair assumption 
that the percentage of shrinking or swelling over a 16 per cent 
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moisture-content range might be as much as 2 per cent, which 
would not be appreciable for pieces 2 or 3 in. wide, but on a 12- 
in. width it would amount to 1/;in. It.is doubtful whether any 
adhesive would maintain a strong joint between two pieces of 
4/4-in. lumber, one of which was endeavoring to increase its 
width by 1/, in., and was restrained only by the strength of the 
glue line. If the widths were greater or the percentage higher, 
the magnitude of this stress would be much more serious. Have 
the authors any comment to make on this? 

It has been a rough and ready rule among plywood manu- 
facturers that test pieces, made with a suitable resin adhesive, 
of an all-veneer construction with !/,5-in. veneer layers, can be 
put through prolonged wet-dry cycles without delamination. 
When 1/s-in. layers are used, the case becomes marginal and de- 
lamination may occur. If, however, 8/i-in. or 1/,in. layers are 
glued together, delamination is reasonably certain to take place. 
This has been explained by the theory that-the total expansive 
power of a */s-in. layer is about double that of a 4/,5-in. layer, and 
in other ranges varies approximately as the thickness. My ob- 
servation, without scientific analysis, seems to confirm this 
theory. Therefore, would the thickness of the adjacent layers 
invalidate or modify any of the assumptions or conclusions made 
in the paper? 


G. M. Rapp. The paper is stimulative and timely; because, 
within the writer’s knowledge, it is the first time that methods of 
the mathematical physicist and of the structural engineer have 
been applied to the long-observed phenomena of delaminating sur- 
faces; and furthermore, because the application of laminating and 
modern gluing techniques, which have been so notably advanced 
during the war, gives promise of even greater acceleration and 
much wider use in the immediate future. With the “redis- 
covery” of wood as one of our foremost structural materials, 
it is necessary that we advance our knowledge of its behavior 
under varying conditions of moisture and temperature, quan- 
titatively, rather than to treat these, as heretofore, as anomalies 
to be allowed for but not accounted for. The authors are to be 
congratulated for pointing out a specific problem relating to a very 
important limitation of wood, i.e., its dimensjonal instability 
under moisture change in glued assemblies. 

The writer has long been interested in the intrinsic causes 
underlying the delamination of adhered surfaces. Although the 
authors have confined themselves to wood, the question really is 
a far more general one to which mathematical analyses can bring 
much in the way of a clearer understanding of the adverse actions 
involved and the remedies possible. Not only wood but most 
organic materials are susceptible to dimensional change with 
moisture content, with the inevitable result that stresses are pro- 
duced in heterogeneous assemblies and even in the homogeneous 
materials themselves when they are subjected to moist environ- 
ments. It is the writer’s opinion that somewhat the same action 
as postulated by the authors in a simplified example of a lami- 
nate, obtains also in paint coatings on wood, ceramic glazes on 
clay tile, plaster on walls, in fact, in any combination where 
materials, which are unlike in their moisture-expansion proper- 
ties, are adhered to each other. He agrees wholeheartedly with 
the conclusion that the cause of many observed delaminations is 
induced stresses. For example, the “popping” of an expanding 
plaster on a wall, the lifting or peeling of paint, the crazing of the 
glaze on tiles and of portland-cement-mortar overlays. An ex- 
treme illustration, and one intriguing to the analytically minded, 
is the crackling of glass produced by certain glues ; a phenomenon 
put to practical use by the glass technologists. 

Furthermore, like the authors, the writer has attempted to 
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evaluate some of these problems as the stress analyst would in- 
vestigate a bridge or other structure. After all, with a quanti- 
tative knowledge of the moisture change and other elastic proper- 
ties of the materials involved, the only difficulties in obtaining a 
solution are those of defining correctly the equilibria conditions, 
establishing reasonable assumptions for simplification, and solv- 
ing the mathematical equations. Analogous problems exist and 
have been solved in such cases, for example, as determining the 
stress performance of bimetallic elements (from unequal thermal- 
expansion coefficients) and in the calculating of the shear stresses 
induced in fillet-welded joints in steel members or, again, in 
theorizing as to the distribution of bond stresses along a concrete 
reinforcement bar. ‘In all these cases, as in the authors’ case, 
the general pattern of the stress distribution along the joint fol- 
lows the exponential (¢7) law, which follows naturally from the 
fact that the changes in stress along the bond line are proportional] 
in some way to the stress itself. Thus it would be expected, as 
the authors show, that maximum stresses would occur at the 
ends of the glue line and dissipate themselves rapidly as the neu- 
tral point is approached. 

It is impossible to comment authoritatively upon the authors’ 
formulas since their mathematical derivations have been omitted 
from the paper. It is regrettable that this was done inasmuch as 
the reasonableness and true significance of the conclusions de- 
pend so completely upon the mathematical processes. However, 
the final equations given appear to be rational though apparently 
simplified by the insertion of certain limits which, although they 
serve the purpose of a solution for the specific problem, do not 
permit of generalization. Obviously, the authors have made 
assumptions in their analysis which do not appear in the paper. 
Presumably one of these was that there is no slip in the glue line 
itself. Such an assumption would complicate the mathematics 
but might be a valuable addition to the theory in view of the 
greater attention being given to thermoplastic adhesives and to 
the use of ‘“‘cushioning”’ interlays. 

The writer objects to the terminology “hygroscopic coefficient 
of expansion.” He would suggest the expression ‘‘coefficient of 
moisture expansion,’”’ which applies regardless of whether ab- 
sorption or adsorption processes are involved, and whether the 
environment is air with a high water-vapor content or merely 
liquid water. 

In his own attempts to solve similar problems mathematically, 
the writer has usually ended up with expressions which include the 
thickness of the laminate. The necessary summation of the dis- 
tortions from the tensile, compressive, and shear stresses in- 
duced in both cases illustrated is dependent upon this thickness 
factor. The authors have contented themselves with stating 
that observation has shown adverse results with thicker veneers. 

Also, one’s attention is drawn to the statement under Case ul, 
“no normal stresses perpendicular to the glue line are set up.” 
In considering infinitesmal elements directly beneath and above 
the glue line and the combination of the shear and direct stresses 
acting upon these elements, the conclusion is inevitable that there 
must exist a resultant or principal stress which is not parallel to 
the glue line. These principal stresses, which also exist in beams, 
have therefore components normal to the glue line, which predi- 
cate the presence of tensile or compressive forces, dependent upon 
the relative magnitude and direction of the shear and direct 
stresses. Tensile stresses, if they truly exist, may be significant 
in accounting for delamination. In fact some theorists gO so 
far as to hypothesize tension as a prerequisite for every material 
failure. 

The authors properly point out the greater susceptibility of 
flat-grain as compared with edge-grain veneers to delamination 
and checking. This is accounted for by the relatively greater 
dimensional change tangentially in most woods. The writer 
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has just seen a somewhat dramatic corroboration of this in cer- 
tain tests in his laboratory involving the moisture changes in edge- 
grain and flat-grain laminated oak. It is a fact of practical 
significance worthy of note by fabricators. 

The authors are to be commended for the realistic approach 
which they take in Case 2, wherein they assume a parabolic dis- 
tribution of moisture content throughout the depth of their 
sample beam. Because all wood structures absorb and desorb 
moisture from the outside inward, this has special significance. 
It might well be pointed out, however, that the induced stresses 
will be dependent upon the rate at which such moisture gradients 
are generated within the wood or, in other words, on the time 
element. This factor, which is well known to everyone ex- 
perienced in the kiln-drying of wood, offers a possible means of 
control against delamination in laminating practice, i.e., con- 
trolled curing. 

In closing, the writer wishes to appeal to the authors to sub- 
mit their mathematical analyses either in an appendix to this 
paper or in a future presentation. It is the only foundation 
upon which the true significance of their results can be appraised. 


C. B. Norris" anp A. C. Knauss." It is difficult to comment 
on this paper without the inclusion of the mathematical analysis 
which leads to the results obtained. The mathematical analysis is 
exceedingly difficult and has not previously been accomplished. 
Probably some simplifying approximations have been made and 
the results therefore may be misleading. 

It has been found that wood flows plastically at stresses well 
below the published proportional-limit stresses. This plastic 

‘ flow will materially modify results obtained by use of the mathe- 
matical theory of elasticity. It does not seem that sufficient is 
known about the plastic behavior of wood to make the solution 
of the problem possible. 

We believe that some of the assumptions and conclusions drawn 
are not generally applicable to nor borne out in experience with 
laminated-timber construction, although they may be applicable 
in certain specific instances. 


C. D. Dosxerr.'* The authors’ suggestions are in line with 
the writer’s observations of the behavior of laminated timbers 
when exposed to variable moisture conditions. It is true that 
delamination tends to take place along the exterior edges of the 
glue lines. Itis true, also, that the first evidence of delamination 
frequently occurs with the first substantial change in moisture 
content, but does not continue to increase in depth with 
subsequent moisture changes. The authors’ analysis sug- 
gests an interesting and seemingly logical explanation of this 
phenomenon. 

One question which occurs to the writer concerns the distribu- 
tion of stress assumed in Case 2, as illustrated in Fig. 3. No 
“rolling shear” stress is assumed and this assumption is un- 
doubtedly correct if it is assumed further that there has been no 
change of moisture content in the fibers immediately adjacent 
to the glue line. If a moisture change develops adjacent to the 
glue line, however, and if the glue exerts a restraining influence, 
it would seem that some shear stress would be present on both 
edges of the glue line. In the absence of a moisture change ad- 
jacent to the glue line, all stress would be normal to the glue line 
as indicated by the authors. 

It is not apparent, however, why this stress should be zero at 
the center part of the glue line, as is indicated in Fig. 8. On the 
contrary, it would seem that in the case illustrated, the maxi- 
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mum tension stress should occur at the center point. This, how- 
ever, would not in any way tend to invalidate the conclusions 
derived by the authors. . 


AuTHors’ CLOSURE 


The comments made in the foregoing discussions serve the very 
useful purpose of emphasizing certain aspects of the investigation 
and of indicating again its limits. 

Only two cases, capable of a reasonably close mathematical 
solution, were selected. These two cases, furthermore, represent 
two extreme conditions, one in which only shear stresses are in- 
duced at the glue line, and one in which only stresses normal to 
the glue line are induced. Both of these lead to high stress 
values. In an actual instance, the true condition would probably 
be intermediate between these extremes. 

The discussion re-emphasizes that a 16 per cent change in 
moisture content is an extreme case. This case was used in com- 
puting the values given in the tables, and would represent ma- 
terial changing from fiber-saturation point (green wood) to air- 
dry. Such a condition would seldom occur. 

Basic to all this discussion, of course, is the uncertainty res- 
pecting the constants employed. These are known only ap- 
proximately, are subject to wide variation, and presumably vary 
considerably with changes in moisture content. Furthermore, as 
re-emphasized several times in the discussion, wood is probably 
subject to plastic flow and therefore the constants are subject to 
considerable modification . 

These factors not withstanding, the principal point brought 
out by the analysis is that both shear and tension perpendicular 
to the glue line may be induced by changes in moisture content, 
the stresses may be high, and the maximum intensity is likely to 
occur at the ends of the glue lines. It follows, of course, that the 
same stresses exist in the wood directly adjacent to the glue, and 
the high-quality glues presently employed in the laminating in- 
dustry have shown themselves capable of withstanding any 
stresses which wood itself will withstand. Fabricators of lamin- 
ated timber, who understand and appreciate these various fac- 
tors, select their adhesives for the conditions under which they 
are to be employed, and also understand the necessity of taking 
into account the moisture content of the wood at the time of 
fabrication as well as in service. The analysis presented in this 
paper to a large extent substantiates analytically what has been 
found in a general way to be true by experience, as pointed out in 
several of the discussions. ; 

As to the question of the nature of the mathematical analysis 
employed we should like to quote the following paragraph of the 
paper which had been inserted after the discussors had seen the 
paper but before the authors had seen the discussions. 

“Hquations [1] and [2a] have been obtained by minimum 
energy methods. A stress distribution was assumed of known 
shape in the direction across the thickness. of the laminations 
while the variation of the stresses in the direction of the glue line 
was determined entirely by the energy method. A further | 
approximation was made by saying that the state of stress was 
plane. It is believed that the values of the maximum stresses 
will be changed slightly only if plane strain is assumed instead 
of plane stress but this should still be confirmed by calculation. 
With regard to Equation [2b] it should be said that this is a 
plausible generalization of Equation [2a] for the isotropic ma- 
terial. Equation [2b] has however not been obtained by solving 
directly the problem for the anisotropic material. It is hoped 
that the theoretical work leading to the above results may be 
continued so as to cover the points mentioned as well as to obtain 
results which go beyond those given here.”’ 

The authors are fully conscious of the fact that they have only 
made a beginning and that much more remains to be done before 
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the problem of this paper can be considered to be fully solved. 
They are confident, however, that within the limitations stated 
the mathematical results will be confirmed by future work. 

Early experiménts with the use of thin interlayers had led to 


the belief that stress relief might be obtained thereby. However, * 


continued exposure to alternate wet and dry cycles proved this be- 
lief to be in error. It did appear that the interlayers relieved to 
an appreciable extent the shear stresses, but did not relieve the 
normal stresses induced during the drying cycle. Statements re- 
garding the use of thin veneer interlayers were omitted at the oral 
presentation, but unfortunately were in the earlier copies offered 
to the discussors. These statements are also absent from the 
final paper. 
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Considering the question presented regarding the classification 
of glues into waterproof and water resistant grades, the paper 
attempts to indicate that glues may be completely waterproof but 
not able to withstand the normal or shearing stresses imposed 
during changing moisture content of a laminated beam. Proper 
selection of the glue must necessarily be dependent on the wood 
specie as well as the beam size, lamina size, and service conditions 
to be expected. It would appear that a glue for spruce need not 
be anywhere near as strong as a glue for oak. Conditions for use 
of the glue also must enter into consideration, so that the possi- 
bility of using a lower temperature of cure, or a less expensive 
glue with the less stress inducing joints may be worthy of con- 
sideration by the timber fabricators. 
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Tests of OiLF iim Journal Bearings for 
Railroad Cars 


By S. J. NEEDS,! PHILADELPHIA, PA. 


This paper presents results of a special series of tests 
made with fitted and broached railway-car journal bear- 
ings as part of the program of the Journal Bearing De- 
velopment Committee of the Association of American 
Railroads. Three recently developed bearings, each con- 
taining less bronze than the old standard A.A.R. bearing, 
were tested. Comparative tests were run with bath, pad, 
and waste-pack lubrication. Quantitative effects of 
fitted and broached bearing surfaces and method of lubri- 
cation on operating temperature, frictional power loss, and 
the all-important minimum film thickness are given. 
An attempt has been made to separate the friction of the 
bearing from that of the pad or waste-pack lubricator. 
Total frictional power losses of the box are given in terms 
of drawbar pull. 


INTRODUCTION 


N December, 1941, the Association of American Railroads 

organized a journal-bearing development committee? for the 

purpose of studying and redesigning the railway-car journal 
bearing. The main object of this committee was conservation of 
nonferrous metals. According to recent figures (1)? there are 
about 250,000 tons of nonferrous metals in the journal bearings of 
railroad rolling stock in this country. Any possible reduction in 
weight of these bearings, consistent with safety, would mean im- 
portant tonnages of copper, lead, and tin available for other war 
purposes. Since there are some 2,000,000 cars in service, and the 
rate of bearing renewal is about two bearings per car per year, 
any possible saving would soon become apparent. 

The first steps taken by the A.A.R. Journal Bearing Develop- 
ment Committee were to redesign the standard journal bearing 
and to invite bearing manufacturers and other interested parties 
having ideds on how strategic metals could be saved, to submit 
bearings for test. These tests were conducted in the laboratory 
of the Railway Service and Supply Corporation in Indianapolis 
under the direction of a full-time resident committee. Bearings 
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? Membership of this committee includes Chairman W. I. Cantley, 
Mechanical Engineer, Association of American Railroads; C. B. 
Bryant, Assistant to Vice-President, Research and Tests, Southern 
Railway System; J. W. Hergenhan, Assistant Engineer, New York 
Central System; J. R. Jackson, Engineer of Tests, M. P. Lines; L. 
B. Jones, Engineer of Tests, Pennsylvania Railroad; J. Mattise, 
General Air Brake Inspector, C.&N.W. Railway; S. J. Needs, 
Kingsbury Machine Works, Inc., A.S.M.B. Representative; V. C. 
Barth, C.&N.W. Railway, R. V. Brinkworth, New York Central 
System, and J. M. Wingert, Pennsylvania Railroad, members of 
resident committee. 

’ Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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successfully passing the laboratory tests were further tested in 
actual service. 

Two obvious methods of reducing the amount of strategic 
metal in a bearing are to reduce its dimensions, or to replace the 
metal by some material more plentiful. Since there appears to be 
no satisfactory substitute for babbitt, reduction in quantity is the 
only open course. It has been found possible, however, to 
lighten the bronze back considerably, also to replace a large per- 
centage of the bearing bronze with ferrous metals. 

The old standard 51/. * 10 bearing weighed about 251/2 Ib. 
The bronze back weighed 201/, lb, and the 1/, in. thickness of 
babbitt lining averaged about 5 lb. In redesigning this bearing 
the committee reduced the weight of the back by about 21/2 lb 
and took the same weight from the lining. Thus 12 per cent of 
the bronze and 50 per cent of the babbitt were saved. These 
changes in design not only save 5 lb of metal but have resulted in 
mechanical improvements by eliminating several sources of 
trouble in the old bearing. One feature of this improved bearing 
is the depressed back, patented by E. S. Pearce (2), which applies 
the load near the ends of the bearing instead of at random, thus 
permitting the bearing to bend axially and conform to the flexure 
of the loaded journal. The back is now machined, which in- 
creases contact area and thus improves heat transfer to the wedge. 
Another improvement is broaching or boring the babbitt bearing 
surface to a uniform diameter which provides a smooth machined 
surface for the journal instead of the rough cast surface per- 
missible in the old design. The improved bearing, known as the 
A.A.R. Emergency, D23-5/29/42, is shown in Fig. 1. 

A design submitted by the author’s company removes another 
31/2 lb from the bronze back of the 51/2 X 10 bearing by using 
ribs instead of solid construction. In this design the load is 
applied to the back on four properly located bosses. Due to the 
greater flexibility of the back and the predetermined points of 
load application, the bearing can flex circumferentially as well as 
axially. This results in increased bearing area and greater film 
thickness, which reduces unit load and rate of wear. Thus the 
201/2-lb back of the old A.A.R. bearing has been lightened some 6 
Ib, or about 30 per cent, with improved bearing characteristics 
and performance. This bearing is shown in Fig. 2. 

A bearing which goes considerably further in conservation of 
bronze has been submitted by the Railway Service and Supply 
Corporation. This design, called the “V” bearing (3), abandons 
the one-piece idea and employs a relatively thin bronze shell fitted 
into a malleable-iron back. In the 51/, 10 size this composite 
bearing requires only 5.7 lb of bronze, as compared with 14.4 Ib 
in the flexible-back bearing, 17.7 lb in the A.A.R. improved bear- 
ing, and 20.5 lb in the old A.A.R. bearing. The malleable-iron 
back weighs somewhat less than 91/, lb. This bearing is shown in 
Fig. 3. 

Many other bearings were submitted to the committee for 
test. The three mentioned are typical examples of practical 
substitute bearings. They performed well in service and were 
selected for a special series of tests herein described, to determine 
their operating characteristics. A full report of the committee’s 
work is beyond the scope of this paper. 
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A.A.R. EMerGency Brarine 93 (D23-5/29/42) 


(Fitted to test journal under load.) 


Fre. 2 


KuUNGsspury FLexispLe-Back Brarine 94 


(Fitted to test journal under load.) 


Frew ImMpRovEMENTS IN Hisrory oF Rattway-Car BraRInGs 


Despite the importance of the railway-car bearing and the 
great number replaced annually, little effort has been made to 
improve its performance. The basic design of the bearing in use 
today dates back to the early days of the American railroads. 
Lack of progress has been due to several factors, perhaps most 
important of which is the fact that the bearing behaves very well 
in service without requiring too much attention. Considering 
the vast number of bearings in operation, actual failures are few 
and far between. The only machined surface required on the 
prewar bearing was the bore to which the babbitt lining was 
applied. In many cases the bearing surface and back were used 
as cast. For example, the lining of the 51/, & 10 bearing was 


rough-cast to 5°/;5 in. diam. Corresponding journal diameter 
could vary from 5!/,in. when new to 5 in. before the axle was con- 
demned. The 59/;5-in-diam rough-cast babbitt bearing surface 
was applied to the journal with permissible diametral running 
clearance from !/,, in. to °/jsin. After establishing load-carrying 
area by wear, the bearing would run for an average of 4 years 
under loads often exceeding 1000 psi of actual bearing area, lubri- 
cated by oily waste usually contaminated by appreciable quanti- 
ties of dirt, grit, and water. The journal was finished by roller- 
burnishing, a process hardly conducive to a geometrically perfect 
surface. In the general case part of the contamination in the 
lubricant embedded itself in the babbitt and aided by sidesway, 
the bearing became an effective lap which improved the journal 
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: Fie. 3 Rattway Service & Suppty Corporation ‘‘V’’ BEarine 95 
(Fitted to test journal under load.) 


surface. As bearing area increased with wear, film thickness and 
load capacity increased and the bearing became safer. After the 
initial wearing-in period the rate of wear dropped to 0.001 to 
0.002 in. per 1000 miles. At the end of its average life of 4 years 
the bearing was removed for one of many reasons but seldom be- 
cause of crown wear, since only three in every hundred bearings 
removed are worn out in the crown. 

Considering the geometrical perfection of oil film designed into 
bearings for modern high-speed machinery, the behavior of the 
crudely constructed railway journal bearing is most impressive. 
Occasionally there might be an epidemic of hotboxes but year in 
and out the general performance has been satisfactory. Hence 
aside from economic considerations, there appeared to be no 
urgent necessity for changes. 

Regardless of its record, however, the railway-car journal 
bearing is susceptible of improvement. One reason for improve- 
ment is the fact that in 1943 there were about 135,000 ‘‘set-outs” 
due to bearing trouble in freight cars, with resultant loss of time, 
service, and revenue, It is obvious that the frictional drag of the 
waste-pack consumes power which could be used in hauling useful 
load. It is also clear that a better fit between journal and bearing 
would result in less load per unit of bearing area, increased oil- 
film thickness, and greater load capacity. 

Minimum film thickness is the criterion of bearing safety. In 
operation a properly fitted bath-lubricated bearing is completely 
separated from its journal by an oil film of appreciable thickness, 
except at the moments of starting and stopping. Thus wear is 
reduced and bearing safety increased. These considerations are 
not new. Fitted journal bearings are common on European rail- 
way cars and replacement of waste pack by bath lubrication has 
been made successfully abroad (4). The problem has also re- 
ceived some attention here. ; : 

To evaluate the’ possibilities in this direction the committee 
undertook comparative tests of fitted and broached bearings 
lubricated by bath, pad, and waste pack. The object of this 
paper is to describe these particular tests and to draw some 
general conclusions therefrom. 


Tue Testina MacuHIne 
The machine used for the journal-bearing tests is shown in Fig. 


: Fig. 4 Journat-Breartne Trestinc Macuine 


4 and is fully described elsewhere (5). Essential elements of 
this machine consists of a horizontal axle supported by two roller 
bearings with a 5!/. X 10-in. test journal overhung as in the 
conventional railway car. The axle is connected through a flexi- 
ble coupling to a 25-hp d-c motor which draws its power from 
the city lines through a motor generator set. The machine is 
able to start under full test load and maintain constant rpm 
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corresponding to any speed from zero to above 100 mph. An 
automatic recorder makes a continuous record of speed. A re- 
cording wattmeter gives continuous indication of power applied 
to the motor and more precise readings may be made by am- 
meter and voltmeter. 

The bearing under test is mounted in a conventional box loaded 
by a beam across the top much as in regular service. Load is 
applied to the beam by direct-reading scales through an amplify- 
ing lever arrangement. During all tests herein described the 
load was held constant at 16,375 Ib. A dust guard was applied to 
the inside end of the box to control oil leakage. All parts of the 
box assembly conform to A.A.R. standards. 

Temperatures of journal, bearing, wedge, and box were meas- 
ured by thermocouples located in a plane near the longitudinal 
center line of the assembly. Journal temperature was measured 
in a central hole in the journal drilled from the outer end. Bear- 
ing temperature was measured in a similar hole drilled in the 
center of the bronze back parallel with the bearing surface. 
Wedge temperatures were measured on each side, and box 
temperatures were measured at several points around the inner 
side. 

Diameter of the test journal was 5.4885 in. A departure from 
usual railroad practice was made by grinding the journal to size 
instead of finishing by roller-burnishing. The journal was not 
reground for these particular tests. An entirely satisfactory 
surface was obtained with no measurable decrease in diameter by 
light honing with a fine hard stone. 


Bearines, LUBRICATION, AND OIL 


Bearings included in this study are shown in Figs. 1, 2, 3, and 5. 
Bearing 93 is the A.A.R. emergency design D23-5/29/42, manu- 
factured by the National Bearing Metals Corporation. Bearing 
94 is the flexible-back design manufactured by the Pennsylvania 
Railroad from a drawing furnished by the author’s company. 
Bearing 95 is the ““V”’ design of the Railway Service and Supply 
Corporation, and Bearing 92 is the A.A.R. emergency design 
manufactured by Magnus Metals Corporation and known as the 
“Magnus Special.”’ 


Analyses of the backs show the metals are closely alike. Aver- 
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age contents are 73.6 copper, 19.8 lead, 5.9’tin, and 0.5 zinc. To 
eliminate any possible difference in results due to the linings, 
bearings 93, 94, and 95 were babbitted at the St. Louis plant of 
the National Bearing Metals Corporation at the same time with 
metal from the same pot. This babbitt contained 87.1 lead, 8.1 
antimony, 4.7 tin, 0.1 arsenic, and a trace of copper. Bearing 92 
was lined, by Magnus Metals Corporation, with a metal composed 
almost entirely of lead. Its contents were 97.6 lead, 1.7 tin, 0.4 
calcium, and 0.2 magnesium, The alkali earth was added to 
harden the lead. . 

The four bearings were bored or broached to the journal di- 
ameter and fitted by hand-scraping under full test load, thus 
eliminating effects of journal and bearing flexure due to load. 
Bearings 92, 93, and 94 were each 53/g in. long in thg direction of 
motion. This is equivalent to an angular length of 113.2 deg. 
Actual bearing area was 45.7 sq in. and since the total load in all 
tests was 16,375 lb, the three bearings carried a unit load of 358 
psi of actual bearing area. Bearing 95 was compound-broached, 
and its fitted length was 25/, in. between the two longitudinal 
grooves. This is equivalent to an angular length of 55.4 deg. 
Actual bearing area was 22.3 sq in., and the unit load was 735 psi. 
All bearing surfaces were 8!/2 in. wide at right angles to the direc- 
tion of motion. 

When fitting the bearing surfaces it was noted that the alkali- 
earth-hardened metal was appreciably harder than the babbitt. 
This is also shown in the illustrations of the fitted bearing sur- 
faces. Fig. 5 shows the hardened lead lining spotted much as if 
the metal were tin-base babbitt. Figs. 1, 2, and 3, however, 
show the spotted areas extending over practically the entire 
surfaces. This intimate contact was brought about by wear and 
plastic flow of the high spots under load. The scraper removed 
most of the metal, and short circumferential back and forth 
movements of the dry journal under load produced sufficient wear 
and flow to fit the bearing to the journal. Scratches in the 
journal, however slight, were imprinted on the bearing surfaces. 
In fact this metal was so soft that gentle rubbing with clean 
cheesecloth would produce scratches. Its Brinell hardness was 
17.8, as compared with 23.8 for the alkali-earth-hardened lead. 
Brinell hardness of tin-base babbitt (85-10-—5), is about 23.9. 


Fie. 5 A.A.R. EMercency Brarine 92; 


“Macnus SPeciau” 
Lined with alkali-earth-hardened lead.) 
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Fie. 6 Errect or Brartnc CLEARANCE ON FRICTION AND PowrR 
Loss 


(120-deg centrally loaded bearing; 4 in. diam X 4 in. wide. Load 16,760 
lb = 1200 psi of projected bearing area, Atreco XB oil, viscosity 14.4(10) -¢ 
Ib sec per sq in. at 100 F.) 


When bronze bearings are fitted to a steel shaft at a given 
temperature they remain fitted only at that temperature. Bear- 
ings 92, 93, 94, and 95 were fitted at about 75 F. Since operating 
temperatures were well above room, the bearings automatically 
provided their own running clearance by differential expansion of 
bronze bearing and steel journal. The importance of this clear- 
ance is shown in Fig. 6 which refers to a bath-lubricated 120-deg 
bronze bearing 4 in. diam X 4 in. long, carrying a load of 1200 psi 
of projected bearing area. Curve A shows variation of friction 
with speed when the bearing is running with a shaft fitted at 
room temperature. Curve B shows friction variation when 
running with a shaft 0.0035 in. smaller in diameter than the shaft 
to which the bearing was fitted. At higher speeds the tempera- 
ture rise provides running clearance for the fitted bearing, and the 
increased clearance with the smaller shaft is not particularly effec- 
tive in reducing friction. At lower speeds, however, the tempera- 
ture is not high enough to cause much difference in expansion of 
bearing and journal and these surfaces remain at substantially 
equal radii. Under such conditions the friction of the fitted 
bearing is appreciably greater than that of the clearance bearing. 
At 10 rpm, friction with the fitted bearing is about 70 per cent 
greater than with the clearance bearing. 

In addition to fitting the bearing surfaces, attention was given 
to the backs and wedge to avoid possible torsion of the bearings 
when loaded. Some time was also spent fitting the insert of 
bearing 95 to its malleable-iron back. 

In all tests with bath lubrication the oil level was set at 3/, in. 
above the bottom of the journal at the start of each run. Oil 
circulation, thermal expansion, and leakage altered this level 


during the test but the quantity of oil in the box was kept sub-. 


stantially constant by replacing the small amount lost with fresh 
oil. 

The journal lubrication pad used in the tests was developed by 
the Railway Service and Supply Corporation. It is described 
elsewhere (6) and has been successfully used in railroad service. 
Oil level with the pad was set at 5/3 in. below the bottom of the 
journal at the start of each test. 

The waste pack used for lubrication in these tests weighed 8 lb. 
It consisted of 3'/, Ib of oil for each pound of new oven-dried 
cotton waste. ; 


Oil used in the tests was neutral reclaimed car oil. Viscosity 
was 348 S.S.U. at 100 F, 154 sec at 130 F, and 53.8 sec at 210 F. 
Specific gravity was 0.9123 at 60 Fand 0.8877 at 130F. Oilfrom 
the same barrel was used throughout the study. 


Test or Brartne Wits ALKALI-EartTa-HARDENED LEAD LINING 


Bearing 92, with the alkali-earth-hardened lead lining, was 
first run bath-lubricated at 40 mph, which is equivalent to 374 
rpm of a 36-in-diam wheel. Bearing temperature became con- 
stant at 176 F and the test was discontinued at the end of 6 hr, 
Upon inspection the bearing surface was found practically un- 
changed. Fitted spots in the central bearing area seemed to have 
lost some of their polish but were still quite distinct. Several 
tiny holes were found in the bearing surface near the lug end from 
which oil seeped as the bearing cooled. If all oil is removed from 
the bearing surface seepage will continue even at this writing, 
more than a year after the bearing was tested. 

An 8-hr run was made at 40 mph the following day. Final 
bearing temperature was 196 F. There was no change in appear- 
ance of the bearing surface but a longitudinal seam had opened 
about 13/, in. from the entering edge, running parallel with the 
bearing axis to within about 1 in. from each end. This seam 
corresponded to the edge of the large babbitt groove which in this 
design is cast in the back. No doubt the disturbed metal around 
the edges of this seam had interfered with action of the oil film 
and accounted for the higher operating temperature. 

_A run was made next day at 80 mph (747 rpm). The power- 
input curve was very uneven, and several times the normal motor 
input of 3.5 kw increased momentarily to more than 7 kw. 
After about 3 hr of such operation the bearing temperature 
reached 300 F and then began to decrease. At6 hr the tempera- 
ture had dropped to 275 F, and the machine was unloaded and 
stopped. Upon removal the bearing area was found badly 
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Fie. 8 Firrep A.A.R. EMercency Brearine 93 Arrer Tests 


Note that scraped pattern is still yisible after bearing has “‘traveled” 3680 
miles, indicating complete separation of bearing and journal.) 


Fria. 9 Firrep Kinessury Fiexisie-Back Brartna 94 AFrrER 


Tests 


(Note that scraped pattern is still visible after bearing has ‘‘traveled’’ 3680 


miles, indicating complete separation of bearing and journal.) 
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corroded and in some spots the corrosion had caused wiping, as 
shown in Fig. 7. Cause of corrosion remains to be determined 
but the only obvious difference between this run which resulted 
in failure due to corrosion, and the previous runs in which no 
corrosion occurred, was an increase in bearing temperature due to 
increased speed. Corrosion of high-lead alkali-earth-hardened 
linings had been observed in earlier tests of broached waste- 
packed bearings. This lining was included in the present study 
to discover whether or not the phenomenon would reappear when 
bearing and journal were more widely separated by the thicker 
oil film of the fitted bearing. 


Txrsts or Bappirr-LINED BEARINGS 


(a) Fitted Bearings. Procedure in all tests with babbitt-lined 
bearings followed the same routine. All bearings were run bath- 
lubricated before continuing with pad and waste pack. Fresh 
oil was used with each change in method of lubrication of each 
bearing. An 8-hr run was made with each bearing at each 
speed. Machine and bearing were permitted to cool overnight. 
Approximately one half the test period was required to warm the 
parts and reach stabilization temperature at which rates of heat 
generation and dissipation became equal. From then on there 
was little, if any, temperature change. No special cooling was 
provided for the box, hence operating temperatures were appre- 
ciably higher than would obtain in service where the box is air- 
cooled as the car moves along. The machine was started and 
stopped with the load removed to avoid possibility of surface 
abrasion in the absence of an oil film. 

The fitted bearings are shown after the tests in Figs. 8, 9, and 
10. Each bearing had “‘traveled’”’ 3680 miles and except for 
circumferential scratches, due to insoluble particles passing 


Fie. 10 Firrep Rattway SERVICE AND SupPLY CoRPORATION ‘‘V”’ 
Bearine 95 Arter TEsts : 


(Note that scraped pattern is still visible after bearing has ‘‘traveled’’ 3680 - 
miles. Scratches are somewhat more pronounced than in bearings 93 and 94 
due to thinner oil film.) 
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TABLE1 RAILROAD-CAR 51/2 X 10 JOURNAL BEARINGS; BEARINGS FITTED UNDER LOAD?2 
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2 Load 16,375 lb; journal diameter 5.4385 in. Stabilized running condiditions, 8-hr test runs. 
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* Load 16,375 lb; journal diameter 5.4385 in. Stabilized running conditions, 8-hr test runs. 


through the oil films, there is little change in appearance of the deformation of the bearing surfaces, possibly accompanied by 
surfaces. Original scraped patterns are clearly visible indicating plastic flow of the relatively soft bearing metal. Thus the line 
complete separation of bearing and journal during the tests. contact of cylindrical bearing surfaces of different radii is in- 
Scratches on the left or trailing side of bearing 95 seem somewhat creased to contact over an appreciable area. If the bearing sur- 
more marked than in the other bearings. This would be expected faces are smooth and sufficient area is in contact, rotation of 
since the film thickness of bearing 95 was less because of itsshorter the journal introduces an oil film which separates bearing and 
bearing arc. Results of the tests are given in Table 1. journal and permits running without wear. If sufficient area is 

(b) Broached Bearings. Upon completion of the fitted-bear- not in contact, wear will continue until the contact area is large 
ing tests the bearings were broached to 5"/z in. diam. To enough to permit formation of a load-carrying film. Figs. 11, 12, 
identify the broached bearings the letter A was added to the and 13 show these effects. Under load but not running, intimate 
bearing number. The same shaft was used as in the previous contact of the bearing surfaces occurred over an area somewhat 
tests, hence the diametral running clearance of the broached less than is shown worn in the illustrations. Running under load, 
bearings was almost exactly */s. in. The oil used was from the a greater area than that worn was effective in carrying the load. 
same source as in the previous tests. The bearings were first run The circumferential scratches covering the worn areas were made 
bath-lubricated at 40, 80, and 100 mph, followed by pad- and by insoluble particles passing through the films. In general, the 
waste-pack-lubricated runs at 40 and 80 mph. Test results are outline of the worn area is more distinct on the left than on the 


given in Table 2. right. Journal rotation was from right to left and the oil film 
Figs. 11, 12, and 13 show the bearings after the tests. Due to was thinner on the left or trailing side. 
load concentration, a worn or crown area was found in the center Other things being equal, length of crown area in direction of 


of each bearing. The greater the difference between journal and motion depends on the stiffness of the back and the method of 
bearing diameters, the shorter the arc of contact and the heavier loading the bearing. With an absolutely rigid back, bearing area 
the load concentration. When difference between journal and could be developed only by elasticity, wear, or flow of bearing sur- 
bearing diameters is appreciable, application of load causes local faces. In these tests the bearings showed no signs of plastic flow 
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when examined after the runs. The mean crown length of bear- 
ing 98-A was found to be 21 deg by planimeter measurements of 
tracings of worn area. Due to controlled points of loading which 
permit flexure in the circumferential direction, the mean crown 
length of bearing 94-A is 271/. deg. Mean crown length of bear- 
ing 95-A is 17!/, deg due, no doubt, to the rigidity of its malle- 
able-iron back. Some area on either side of the worn crown proba- 
bly is effective in supporting load-carrying film. In the ab- 
sence of definite information it is assumed that this area is of the 
order of 20 per cent of the worn crown area. Hence, for calcula- 
tion, useful length of oil film has arbitrarily been taken as 25 deg 
for bearing 93-A, 32 deg for bearing 94-A, and 21 deg for bearing 
95-A. On this basis the same total load of 16,375 lb gives unit 
loadings of 1625, 1270, and 1930 psi, respectively. 

The foregoing runs were repeated after rebroaching the bear- 
ings 3/3. in. larger than a new shaft diameter of 5.406 in. In 
addition to the usual tests, runs were made, pad- and waste-pack- 
lubricated, at 100 mph. The rebroached bearings are designated 
by the letter B. Due to rebroaching, babbitt thickness was re- 
duced to about */s, in. and a porous spot appeared in’the lining of 
bearing 93-B. Results were somewhat erratic with this bearing 
and are not included with the results of the other bearing tests 
given in Table 3. Comparison of Tables 2 and 3 shows operating 
temperatures of the A and B bearings in good agreement. 

Average results for the three fitted bearings and the five 
broached bearings are given in Table 4. Calculated bearing 
losses refer to the test bearing only. Calculation of these fric- 
tional power losses is necessary since this information cannot be 
found directly from the testing machine. For example, consider 
the fitted bearing running bath-lubricated at 40 mph. Under 
stable temperature conditions average power input to the motor 
is 1845 w, from Table 4. Curves are available giving power 
losses at various speeds and roller-bearing temperatures when the 
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TABLE3 RAILROAD-CAR 51/2 X 10 JOURNAL Pee NS Ge ponetir eee TO 5,498 IN. DIAMETER; DIAMETRAL CLEAR- 
a 


Pee oe tee aS a 28 a ee 
BRICATIO BATH] PAD |WASTE|BATH | PAD |wasTE|| BATH IMASTE|BATH | PAD |wasTel| BATH ASTE] BATH| PAD |wA 
gave oo_fSinirtetefeiets oe aees ets 
197 1228 | 165 216 | 323|205| 285/289] 218 [284|349|220 | 33) [375 
[Box TEMP {1139 [134 |128 [144 |130 [126 | far fear 9 Fre [res Lise | re testes eae 
ROLLER BRG. TEMP |'134 |i40 |138 |134 1135 [137 [164 |165 [165 |i¢0 |158 [168 | 170 [172 
Room TEMP | 69 | 96 [93 [93 | 90 | 88 [95 | 94 [97 | 93 | 92 | 89 | 95] 97 | 68 | 94 | 97 [8a 
JOURNAL TEMA Rise || 77 [101 [137 | 76 [115 [139 F113 [170 [229/115 |2i0 [216 | 123 | 192 [265] 129 [254 [308 
[BEARING TEMPRISE|| 76 | 99 1135 [72 [105 [126 [113 [167 [226| 112 [193 [200] 123 [167 [261 [ize |234 1287 | 
[BOX TEMP RISE || 50 [36 [35 [51 | 40 | 38 [76 [53 | 62 [79 [73 | 63 [aa [a | 75 ley | 68 189 
[MOTOR INPUT (WATTS 1869] 1857 [1860 [162/,|1822|1907]2855| 28042976 |2910 |3040|30081|3299 [3295 [3049 
MIN. Oil FILM (WW) @ [116.0 [13:7 | 114 J15.5 [120 [103 [19-7 [14.0] 10.4[ 158 [100] 97 | (6.0[ 9.1 | 8. 
@ mutTiPLy By (i0)-5 TEMP. ANO TEMP. RISE IN DEG. F 


* Load 16,375 lb; journal diameter 5.406 in. Stabilized running conditions, 8-hr test runs. 


TABLE 4 AVERAGE OF TEST RESULTS FROM TABLES 1, 2, AND 3; 51/2 X 10 RAILROAD-CAR JOURNAL BEARINGS; FITTED 
AND BROACHED BEARINGS, BATH, PAD, AND WASTE-PACK LUBRICATED 


fe trap ernest oredr ae irae Fl FITTED BEARINGS | BROACHED BEARINGS 

[SPEED —~=~=*édy#S OO. MPH. | BO MPH loom! GO MPH. | 6OMPH 
| LUBRICATION _|}8aTH | PAO |wasTE| BATA] PAD |wasTE| BATH ||BATH| PAD |wasTE| BATH] PAD |wasTE| BATH] PAD WASTE 
JOURNAL TEMP. _ || 169 | 201 | 232 | 229] 270 | 320 | 267 |] 169 | 201 [226 | 2/0 | 272 229 | 320 | 375 
BEARING TEMP || 168 | 197 |226 | 227| 263| 3/2 ee 167 | 196 | 220 | 208 | 264 | 302 | 228 | 308 |362 
|BOx TEMP _—|| 150 | 143 [135 165 [225 [143 | 133 [130 160 | 188 
oo eee 132 |136|157 |1G0 | /66 | 174 136 a 160} 160 | 165 | 170 
ROOM TEMP | 91 | 90 | 92 | 92 [| 90 | 92 | 97 | 96 | 95 96 | 94 | 94 | 97 
| JOURNAL TEMPRISE || 78 [TIT _|140 [137 [180 [226 [170 || 75 | 10e | 134 | 114 [7176 | 2/7 | 132 | 223 | 267 | 
| BEARING TEMP RISE|| 77 |107 [136 | 135 [173 [220|167 | 7 [ior [128 [12 [170 | 208] 131 [2 [274 
[BOX TEMP RISE || 59 | 53 | 43 [104 | 68 | 73 | 126 | 47 | 38 | 38 | 76 | o7 | 66 | 91 | 75 | 62} 
[OIL FILM VISCOSITY @| 2.02| 1.24 [0.6/4 [0.823 i eae) 2 zel ong inedoss| ae [opitese ora 
| MOTOR INPUT (WATTS)| 1845 | 1865|1946 | 3115 3142 | 3965]! 1808| 1806] 1868 | 2920] 2923] 2998] 3533|3465| 3733) 
bee ad EP TP ee Se 
CALC. BRG. Loss (1) |]0.242|0.189|0.173|0.441 0.274| 0.548] 0.190]0.149|0.125|0.387|0.277/0.230|0.485[0.324]0.266 
LLUBRICATOR Loss(iP)||___[o.06ojo.z04| | |o.203| 


© UNITS LB. SEC. PER SQ. IN~MULTIPLY BY (10) TEMP. ANO TEMP. RISE IN OEG. F 
%* AVERAGE MOTOR INPUT PROBABLY Low. 


machine is unloaded and no test bearing isin the box. According for the fitted bearing running bath-lubricated at 40 mph is 1845 
to these curves, 1238 w are required to run the machine when un- w. Calculated power loss is 0.242 hp at the bearing temperature 
loaded. With no test-bearing load the roller bearings carry only of 168F. The same bearing, running pad-lubricated at the same 
the weight of the shaft, hence the 607 w difference between speed, requires a power input of 1865 w. In the latter case 
power input with and without test-bearing load represents fric- calculated power loss for the bearing alone is 0.189 hp at the 
tion of the test bearing and dust guard, and added friction due to operating temperature of 197 F. Difference in box loss between 
the test load on roller bearings and motor. By calculation, test- pad and bath lubrication is 1865 — 1845 = 20 w or 0.027 hp. 
bearing friction was 0.242 hp or 181 w. This leaves 426-w loss Therefore total box loss is 0.242 + 0.027 = 0.269 hp, and since 
due to dust-guard friction and load on roller bearings and motor. the power loss of the bearing alone is 0.189 hp, the difference, or 
Since the total of these unknown losses is some 2!/, times the 0.080 hp, represents the power loss due to the pad. In like man- 
power loss of the test bearing, it is obvious that there isno hope of _ ner power loss in the waste-packed box at 40 mph is 0.173 hp for 


arriving at test-bearing power losses directly from motor input. the bearing and 0.204 hp for the waste pack at the test tempera- 
It is possible, however, to estimate power losses due to pad and ___ ture of 228 F. 
waste pack by assuming that at a given load, speed, and roller- Applying this reasoning to the pad-lubricated fitted bearing at 


bearing temperature, the machine losses will remain constant. 80 mph, it is found that the total power loss for bearing and pad 
With this assumption any difference in power input in the tests is 0.049 hp less than the calculated’ loss for the bearing alone. 
with bath, pad, and waste-pack lubrication can be attributed to Apparently, observed value of motor input is low. This is not 
variation of friction in the box. From Table 4 the power input the case, however, with the broached bearings, and since power 
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losses of the lubricators do not depend on the bearings, the 
same pad loss would be expected with fitted and broached bear- 
ings. To arrive at pad and waste-pack power losses from the 
test results, lubricator losses in Table 4 are plotted in Fig. 14. 
Maximum departure of observed points from the curves repre- 
sents errors in average motor input of about 2 per cent. Since 
box losses are a relatively small part of motor input, small errors 
in power measurement are greatly magnified when computing 
total box loss. 


Discussion or RESULTS 


Variation of journal temperature rise with speed is shown in 
Fig. 15, where the solid lines refer to the fitted bearings and 
broken lines to the broached bearings. Journal temperature rise 
in all cases is somewhat less with broached than with fitted bear- 
ings. Since friction losses of pad and waste pack are independent 
of the bearing, lower operating temperatures indicate that the 


broached bearing operates with less friction than the fitted bear- - 


ing. Calculation also shows this to be true. Against this slight 
advantage in friction, however, the broached bearing has the seri- 
ous disadvantages of considerably less oil-film thickness and 
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higher unit loading due to its shorter angular length. Because 
of its thinner film the reserve load capacity of the broached bear- 
ing is much less than that of the fitted bearing. Greater film 
thickness and reserve load capacity are the real advantages of the 
fitted bearing. 

Maintenance of sufficient oil-film thickness is the deciding 
factor in successful bearing operation. When due to overload, 
overheating, or low speed, the oil film becomes thinner than the 
heights of the irregularities on the bearing surfaces, these high 
spots are no longer completely separated and metallic wear occurs. 
Wear may also be caused by particles in the oil too large to pass 
freely through the film. All wear is accompanied by temperature 
increase, and if heat is generated more rapidly than it can be 
dissipated the bearing eventually overheats and fails. If, how- 
ever, an oil film thick enough to separate the bearing surfaces 
completely can be maintained under all conditions, metallic wear 
will be eliminated and the bearing cannot fail. Factors tending 
to thick films are high viscosity, high speed, and low unit loading. 

In the absence of metallic contact, rate of heat generation de- 
pends on rate of oil-film shear. With a given load, rate of 
shear increases with speed, and heat thus generated reduces film 
viscosity. Operating temperatures will rise until the gradient 
between oil film and box is sufficient to dissipate the heat as rapidly 
as it is generated. This stable temperature may be so high 
that the increase in film thickness due to speed is more than offset 
by the decrease in thickness from reduced viscosity; and in that 
case, film thickness decreases with increasing speed. In these 
tests this decrease was more marked with the fitted than with the 
broached bearings, as shown by the curves of calculated oil-film 
thickness in Fig. 16. In service, higher speeds are accompanied 
by induced air currents which cool the box, thus maintaining 
lower operating temperatures and thicker oil films. 

Effect of speed and method of lubrication on frictional power 
loss are shown in Fig. 17, in which average curves are plotted for 
fitted and broached bearings, bath, pad, and waste-pack 
lubricated. Power losses in the box are made up of bearing and 
lubricator frictions, Dust-guard friction and losses due to oil 
churning are comparatively small and are neglected. In each 
graph the lower curve represents bearing friction calculated for 
the conditions of the test. With bath lubrication the only source 
of power loss in the box is the bearing itself, hence there is but one 
curve in the graphs for bath lubrication. With pad and waste- 
pack lubrication, however, friction losses due to the lubricators 
are added to the bearing friction. These additional losses are 
represented by the shaded areas in Fig. 17, superimposed on the 
curves for bearing friction. The upper curves then represent 
bearing and lubricator friction or the total friction of the box. 
With each of the three types of lubrication, mean power loss in 
the box averages 16 per cent greater with the fitted. than with the 
broached bearing. This agrees with the lower-operating-tem- 
perature curves for the broached bearings shown in Fig. 15. 

From comparison of the shaded areas in Fig. 17, and from the 
curves in Fig. 14, it is interesting to note that the friction of the 
waste pack is 2.7 times the friction of the pad. Comparison of 
shaded and unshaded areas shows the waste-pack friction to be 
115 per cent of the bearing friction. Similarly, friction loss due 
to the pad is 37 per cent of the bearing friction. From this it 
appears that for all practical purposes the friction of the waste 
pack is about the same as the friction of the bearing, and the 
friction of the pad is approximately !/; that of the waste pack. 

In addition to the friction of pad and waste pack, the heat- 
insulating properties of these lubricators add considerably to the 
higher operating temperatures. This is clearly shown in Fig. 18, - 
which gives average results for the three fitted bearings at 80 
mph. In each test curves were plotted from temperature read- 
ings around the longitudinal center line of the box: after equi- 
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librium temperature had been reached. Mean tem- 
perature, found from each curve by planimeter, is listed 
in the tables as box temperature. Temperatures at the 
top of the box are little influenced by method of lubri- 
cation. Temperatures at sides and bottom, however, 
are greatly affected by the heat-transmission charac- 
teristics of the lubricator. When the bearing is bath- 
lubricated, agitation by the rotating journal facilitates 
transfer of heat from journal to box where it is dissipated 
to the atmosphere. In this case the oil is acting as a 
coolant as well as a lubricant. 

With pad lubrication there is some oil cooling of the 
journal but the bath is considerably less agitated due 
to the presence of the pad, and heat transfer between 
journal and box is less efficient than with the bath. 
Rubbing of the pad on the journal adds to the heat gen- 
erated by the bearing and this, together with poorer 
heat-transfer characteristics from journal to box, ac- 
counts for the higher operating temperature. Because 
of the higher operating temperature, however, oil vis- 
cosity has dropped to the point where the sum of bear- 
ing and pad frictions is about the same as the friction 
of the bath-lubricated bearing. Since total friction is 
the same, the higher operating temperature of the pad- 
lubricated bearing must be due entirely to the heat- 
insulating characteristics of the pad. 
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The situation becomes more pronounced with the waste pack. 
In this case there is little, if any, cooling effect of the oil. Fric- 
tion between waste and journal is relatively high, and the pack 
acts as an effective heat insulator between journal and box, as 
shown by the lower box temperature rise. As temperature in- 
creases, rate of oil viscosity drop with temperature decreases and 
decrease in bearing friction becomes less rapid. The sum of 
waste-pack and bearing frictions becomes greater than with bath 
or pad lubrication, and temperature gradient between journal and 
box increases in order to dissipate the additional heat. Higher 
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100 


operating temperatures are undesirable, even when accompanied 
by reduced bearing friction, since film thickness and bearing 
safety are less at higher temperatures. 

Variation of box temperature rise with journal temperature 
rise is shown in Fig. 19, for the three methods of lubrication. 
With perfect heat transmission between journal and box the 
temperatures would be the same at these points. This condition 
is represented by the dot and dash line A, the slope of which ig 
unity. Slopes of the other curves show clearly the relative heat- 
insulating effects of the three methods of lubrication. From Fig, 
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19 average temperature rise of the box is 72 per cent of the 
temperature rise of the journal with bath lubrication, 42 per cent 
with pad, and 30 per cent with waste pack. The importance of 
this relationship in maintaining cool bearings is obvious. 

Friction losses given in Fig. 17 are readily converted into 
drawbar resistance. Variation of drawbar resistance with speed 
is given in Fig. 20 for the fitted and broached bearings, bath, 
pad, and waste-pack lubricated. Resistance is expressed in 
pounds per ton carried by the bearing and, as usual, speed is given 
in miles per hour. A 36-in-diam wheel is assumed. Since fric- 
tional power losses with bath and pad lubrication are closely 
alike, drawbar resistance is also nearly the same. Due to higher 
power losses with the waste-packed bearings, average drawbar 
resistance is about !/; greater than with the other two methods of 


lubrication. 
CoNcLUSIONS 


Fitted and broached bearings have been tested at 40, 80, and 
100 mph. Data at 20 and 60 mph would have been useful in 
plotting the curves and for confirming results at the other speeds. 

On the basis of our present information, however, the following 


conclysions appear warranted: 


1 Pad and waste pack are capable of supplying sufficient oil 
to maintain complete fluid-film lubrication at speeds at least as 
high as 100 mph. ym gi ae 

2 The railway-car bearing is capable of carrying its maximum 
load without failure at temperatures at least as high as 375 F, 

3 Operating temperatures and frictional power losses are 
somewhat less with the broached than with the fitted bearing. 
These advantages are offset by the fact that under similar operat- 
ing conditions the oil-film thickness of the broached bearing 
averages only * /s that of the fitted bearing. Hence the broached 
bearing has less reserve load capacity and safety. 

4 Ina waste-pack-lubricated box, friction of the waste pack 
is approximately the same as the friction of the bearing. 

5 Friction of the pad used in these tests is about */, that 

ack. 
é ae with bath and pad lubrication are nearly the 
same, due to the higher operating temperature caused by the pad. 
7 Total friction with waste-pack lubrication is higher than 
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with bath or pad despite the higher operating temperatures due 
to the friction and blanketing effect of the waste pack. 

8 Because of its lower operating temperature the bath- 
lubricated bearing has greater oil-film thickness, hence greater 
reserve load capacity and safety. This is particularly important 
at high speeds. 

9 Frictional power loss and drawbar resistance of the waste- 
pack-lubricated bearing are approximately 1/3 greater than with 
bath or pad lubrication. 

10 Method of lubrication has a profound effect on the heat- 
dissipation characteristics of the box and the temperature 
gradient between journal and box. 


From the foregoing discussion and conclusions it is clear that 
the crown, or useful load-carrying area of the bearing, should be 
as large as possible since it results in reduced unit load, increased 
film thickness, and less wear. It would be interesting to check 
these conclusions in actual service on a car or tender making con- 
siderable mileage per month. The same type bearing could be 
applied to all journals. One half should be fitted and the other 
half broached. Wheels, axles, and trucks should be in good condi- 
tion so that the test would not be terminated by bearing end wear 
or broken collars. Periodic inspections and careful measure- 
ments of wear should give some interesting and impressive in- 
formation on bearing reliability and life. 


ACKNOWLEDGMENT 


The author greatly appreciates the assistance of the Resident 
Committee and the splendid co-operation of Mr. Pearce and his 
staff. Acknowledgment is especially due L. G. Taylor and J. 
Roller for the careful manner in which they conducted the series 
of test runs reported in this paper. 


BIBLIOGRAPHY 


1 “Secondary Copper for Bearings, War Work, and Alloy Steel,” 
by the Advisory Committee of the National Academy of Sciences A 
the War Production Board, Metal Progress, vol. 42, Aug., 1942, p. 223 

2 U.S. Patent No. 2,154,916. , 7 

3 “Composite Railroad Bearing Conserves Copper,” by E. § 
Pearce, Metal Progress, vol. 42, Sept., 1942, p. 368. j 

4 “Film Lubrication Applied to Railway Axle Bearings,” by J. 
Foster Petree, Proceedings of the General Discussion on Lubrication 
and Lubricants, The Institution of Mechanical Engineers, vol. 1, 1937 
pp. 234-240. u 

5 “Locomotive and Car Journal Lubrication,” by E. S. Pearce 
Trans. A.S.M.E., vol. 58, 1936, pp. 37-45. : Ps 

6 ‘Report of Committee on Lubrication of Cars and Locomo- 
tives,’ Association of American Railroads, Operation and Mainte- 
nance Department, Mechanical Division. Circular No. DV-1006. 
May 19, 1941, pp. 3-4. : 2 


NEEDS—TESTS OF OIL-FILM JOURNAL BEARINGS FOR RAILROAD CARS 


Discussion 


P. G. Exuine.4 The writer is particularly interested in this 
paper because of some work of a similar nature carried out at the 
laboratories of the Gulf Research & Development Company dur- 
ing 1942. Astandard A.A.R., 5 X 9 journal and bearing was used 
for a series of tests to compare the performance of a bearing 
having a normal diametral clearance of 1/1,in. with that of a bear- 
ing having 0.005 in. clearance. The load, 30,000 lb, was above 
normal, while the speed range was equivalent to 2!/: to 30 mph on 
a 36-in. wheel. : 

Measurements were not made of the coefficient of friction, but 
the bearing temperatures indicated a qualitative agreement with 
the data reported by the author. 

It was noted that after a period of operation at 30 mph, the 
standard-clearance bearing would often show signs of distress 
when the speed was reduced to 2!/2 to 5 mph. This did not 
occur with the 0.005-in-clearance bearings, indicating a higher 
factor of safety. The standard-clearance bearing also took a 
longer time to accommodate itself to a reversal of the direction 
of rotation even though it had been well run-in in the forward 
direction. In this respect, the low-clearance bearing behaved as 
one which had been well run-in for both directions of rotation. 

The test journal was mounted substantially the same as the 
Pearce machine, in that it was supported by a spherical roller 
bearing at the wheel seat. This bearing was cooled by ad- 
justing the temperature of the stream of oil pumped through 
it. It was found that changes in the temperature of this bear- 
ing could influence the temperature of the test bearing. It 
seems evident that the wheels of a railroad car can act as cool- 
ing fins and dissipate an important fraction of the heat developed 
in the oil film. 

The author’s results and those of the writer suggest that a prop- 
erly designed railroad bearing with bath or oil-ring lubrication 
and having adequate protection against oil loss and tampering 
would provide trouble-free performance with less maintenance 
than the present bearings. 


M. D. Hersey.’ This report not only tells how the problem of 
conservation of bronze and babbitt was solved, but offers in 
connection therewith a large amount of carefully checked informa- 
tion on the design and performance of railroad-car bearings. Of 
special interest is the use made of the theory of lubrication to 
calculate the “all-important”? minimum oil-film thickness, and 
also the friction loss, with the aid of actual temperature measure- 
ments. } 

Might it not add to the permanent value of this record if the 
author would refer to the formulas or curves used for these cal- 
culations? The necessary procedure is not entirely obvious to 
the writer, and doubtless many other students of lubrication 
would appreciate an outline of the steps in a completely worked 
example. 


J. R. Jacxson.* It was the writer’s privilege to be associated 
with the author during the test program treated in this paper. 
The data made available through this research constitute a 
distinct contribution to the knowledge of railroad-car journal- 
bearing design and lubrication. Furthermore they indicate the 
direction for the betterment of the journal-box assembly of the 
future by utilizing more completely the advantages which an 
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oil-lubricated solid-type bearing has over the present conven- 
tional waste-pack journal box. 

It is perhaps difficult to understand why the present conven- 
tional design of railway-car journal-box assembly has been re- 
tained down through the years, and why advantage has not been 
taken of advances in the art of bearing lubrication to replace the 
waste-pack originally used and continued without essential 
change on the American railroads for a hundred years. The an- 
swer is simplicity and reliability together with long-established 
standards and practices of operating cars in interchange service, 
and the relatively large number of units in use. 

It probably should be stated that the simple expedient of 
removing the waste pack and filling the bottom of the journal - 
box with oil, as was done during the laboratory tests, would not 
work out in service because the oil could not be retained in the 
box. Bath or flood lubrication would necessitate a redesign of 
the conventional box to insure oil retention. This question of oil 
retention in the conventional journal box is also pertinent, in 
lesser degree, to some forms of pads or wick-type lubricators 
which have had limited service trials on railway equipment in this 
country. Completely redesigned journal-box assemblies, em- 
ploying flood lubrication and other refinements, including provi- 
sion for oil retention, have been developed and used in consider- 
able numbers on some roads on equipment operated in on-line 
service. These have not found sufficient favor to be considered 
for adoption as standard in interchange freight service. 

The increasing use of roller bearings for passenger equipment 
and their development for freight equipment will no doubt result 
in a reconsideration of the design, service, and economics of rail- 
way-car journal bearings in the immediate future. It is felt that 
this paper is a distinct contribution to the literature on this sub- 
ject, and that a similar line of investigation of the roller bearing 
for railway equipment should be carried out. 


L. B. Jonzs.’ In studying this report it should be borne in 
mind that the comparison between broached and fitted bearings 
was made with broached bearings which were just ‘‘starting out,” 
so tospeak. In other words, in actual service the broached bear- 
ing will continue to enlarge its contact area until it approaches the 
condition of the fitted bearing, with resultant improvement in 
oil-film condition. 

While the tests were run mainly to determine oil-film condi- 
tions, it will be of interest to railroad men to note that the A.A.R. 
standard journal lining gave a good account of itself, and nothing 
developed in the test to indicate the necessity for a change in its 
composition. 

The two principal indictments of the time-honored waste pack, 
pointed out by Mr. Pearce in his comments on this paper, are again 
high-lighted in this report. The actual friction of the waste pack 
is equal to, or greater than, the bearing friction; and it also acts as 
a thermal insulator to discourage radiation of heat from the 
journal, 

The drawbar resistance in pounds per ton due to the friction 
load on the journal, as indicated in Fig. 20 of the paper, shows that 
the journal friction is a relatively small part of the total resistance 
of loaded freight cars on level track, as determined by dyna- 
mometer tests. It therefore appears that improvements in jour- 
nal-box performance will pay their largest dividends in hot-box 
insurance rather than in decreasing the rolling resistance of the 
train. 


F. K. Mrrcurty.§ The author prefaces his remarks on the his- 


7 Engineer of Tests, The Pennsylvania Railroad, Altoona, Pa. 
Mem. A.S.M.E. 

§ Assistant General Superintendent of Motive Power and Rolling 
Stock, New York Central System. Mem. A.S.M.B. 
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tory of the improvements on railway-car bearings by the state- 
ment, ‘Despite the importance of the railway-car bearing and the 
great number replaced annually, little effort has been made to 
improve its performance.” If he intended to say by that remark 
that the bearing itself had undergone very little improvement 
prior to the war period, his statement is unquestionably true, but 
the insinuation that little effort has been made to improve the per- 
formance of the bearing cannot be substantiated. Over the 
years, journal boxes, dust guards, wedges, and other related parts 
used in the assembly, of which the journal bearing is a part, have 
been subjected to a great deal of experimentation, and many impor- 
tant facts have been learned thereby, and certain very productive 
changes worked out and put into practice. 

It is essentially true that the most extensive changes in the 
bearing itself have come about since the beginning of the war, 
and are children of necessity. These changes involved not only 
the bearing but also the lining and were promulgated through the 
necessity of minimizing the amount of critical materials re- 
quired to produce a bearing of a certain size. As to the lining, the 
efforts in this respect have been confined generally to reducing its 
thickness and to producing a lining made of substitute material, 
both in order to save babbitt. It is generally conceded that the 
reduction in the thickness of the lining accomplished the required 
end. Substitute lining described by the author as a metal com- 
posed almost entirely of lead, alkali-earth-hardened, has not been 
entirely satisfactory, which fact cannot be discounted. On the 
other hand, the results so far.obtained in the use of such a lining 
certainly do not warrant the complete discarding of the idea of its 
use. On the contrary, it is evident from the experience to date 
that further experimentation and development of such a lining 
offer worth-while possibilities. 

The second series of major changes in the bearing itself, made 
to reduce the amount of critical material in the bearing back, has 
been enlightening, and also seems to be producing the desired 
results. There are still some features in connection with the 
various redesigned backs which have been offered for this purpose 
that need further study. These studies will no doubt be under- 
taken by the committee, of which the author is a member, in due 
time. Further comment in this regard will be made later. 

It is unfortunate that the laboratory test equipment which was 
used to make the study under discussion does not duplicate in a 
practical manner the actual service conditions to which bearings 
are, in fact, subjected. It will be noted that the bearings were 
subjected to a constant uniform load of 16,375 lb. In actual 
service the load, of course, varies. Furthermore, in actual serv- 
ice the bearing is subjected to severe vertical and longitudinal 
shocks which the test equipment as used was unable to duplicate. 
This, it is felt, in itself materially affects the practicability of the 
information developed. It is pointed out by the author, under 
“Discussion of Results,” ‘‘maintenance of sufficient oil-film thick- 
ness is the deciding factor in successful bearing operation.” 
Therefore it would appear quite evident that the maintaining of 
such an oil film under the conditions imposed by the test appara- 
tus is an entirely different problem from that which is found in 
actual service where, even under normal conditions, the bearing 
is constantly being disturbed by vertical shocks originating from 
uneven rail joints, etc., and longitudinal shocks arising from 
brake applications, slack action, etc. 

While discussing the matter from the point of view of oil film, 
it should also be understood that with the laboratory test equip- 
ment used in these experiments, the journal being the driving 
instead of the driven element, the greater bearing clearance oc- 
curs on the rising side of the journal, whereas in actual practice 
the journal is driven by the bearing and the greater clearance is 
on the opposite side of the bearing. Hence under laboratory 
conditions the oil film produced by any method of lubrication, 
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and under any bearing conditions, would be more favorable than 
under circumstances of actual usage where the clearance is the 
minimum on the rising side of the journal. 

These facts in themselves make questionable the acceptability 
of some of the results obtained in this series of tests. They cer- 
tainly do so to the point of discrediting the definite conclusion 
that “pad and waste pack are capable of supplying sufficient oil 
to maintain complete fluid-film lubrication at speeds at least as 
high as 100 mph, and that “the railway-car bearing is capable of 
carrying its maximum load without failure at temperatures at 
least as high as 375 F.”” Here it might also be noted that because 
many failures of bearings result from causes other than heat gen- 
erated, the design of the back is an important factor, and unless it 
is shown that the back, however physically composed, is not only 
so designed as to distribute uniformly the load over the bearing 
area, but also is of such strength as to prevent breakage, then it 
cannot be concluded that the railway-car bearings tested were 
capable of carrying their maximum load without failure; this re- 
gardless of temperature. It is quite obvious that no failures from 
causes other than heating would be expected when the tests were 
conducted with the laboratory equipment which was used in these 
experiments, and the answer to this question was not obtained 
for any of the bearings under test. 

It might also be said in passing that in the observation regard- 
ing heat transfer from the bearing to the related parts of the 
bearing-and-box assembly two confusing statements are incor- 
porated in the report. The first is that the depressed-back (E. 8. 
Pearce patent) bearing applies the load near the ends of the bear- 
ing instead of at random. Actually, this bearing applies the 
load over all but the one third of the area in the center. The ap- 
plication of the load near the extreme ends of the bearing has long 
since been proved to be mechanically incorrect. It is further 
stated that the back of the so-called ‘“‘depressed-back bearing’ 
is now machined. It will be found on check of the records that 
only a few railroads actually machine the back of the so-called 
“‘depressed-back bearing”’ for bearings used in passenger service, 
and that generally no roads are machining the depressed-back 
bearing used in freight service. 

As to the transfer of heat, because of the greater contact area 
and therefore the improved heat transfer to the wedge, it will 
be interesting to note that bearings 93 and 95 have the large 
back area referred to, whereas bearing 94 has only four small 
bearing areas, nowhere comparable to that offered by bearings 93 
and 95, yet the tests show that bearing 94 produced journal-tem- 
perature, bearing-temperature, and box-temperature rises at 
various speeds which generally lay between that of bearings 93 
and 95. No explanation for this fact either in the case of the 
fitted bearing or the broached bearing is offered. 

Regarding the question of whether or not the broached and 
unfitted bearing is more satisfactory than the broached and fitted 
bearing: The author concludes, and the data developed indicate, 
that better results can be expected from a fitted bearing. While 
this is interesting, and no doubt true, it has no practical value for 
the reason that the expense and delay involved in fitting the 
bearing, particularly to freight cars, would in no wise be offset by 
the results obtained. 

The data developed and conclusions reached in connection with 
the relative values of bath, pad, and waste lubricating systems 
would indicate that the committee has concluded from the re- 
sults obtained that waste-packed lubrication is less satisfactory 
than pad lubrication and bath lubrication. This is no doubt true 
if it were not for the practical side of the problem.- Certainly bath 
lubrication is a far cry from being practical at present. Pad lub- 
rication is more or less in its infancy and offers considerable possi- 
bilities, yet, at the moment, the writer knows of no practical 
means of avoiding excessive loss of lubricant in the present freight- 
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car box assembly where either bath or pad lubrication is used. 
Here again a factor arises which the test equipment used by the 
committee does not bring out. The entire matter does emphasize 
the necessity for further experimentation and development along 
the desirable lines indicated by the tests. 

As to the effect on drawbar resistance, neither the data having 
to do with the friction of the broached or unbroached bearing nor 
pad nor waste-packed boxes are of much practical value. 

It is worthy of note that speeds for use in connection with these 
experiments (40, 80, and 100 mph) were selected. While 40 mph 
represents pretty closely the present freight-train movement, the 
immediate future no doubt will mean speeds for freight-train 
movement between the figures of 40 and 80, throughout which 
range the report is silent as to what might be expected. The au- 
thor comments on this fact in his conclusions. It is regrettable 
that data were not also secured for speeds of 50, 60, and 70 mph. 

While as previously indicated, the data submitted in this re- 
port are interesting, although in a great many respects somewhat 
impractical, it is respectfully suggested that either test equipment 
which will more closely simulate actual operational conditions 
should be designed and used for such a series of experiments, or 
final conclusions should be based on actual experience in the field. 


E.S. Pearce.’ On certain phases of railroad journal operation 
this paper sets out most clearly two points of general and prac- 
tical interest: 


1 The very low power loss chargeable to the conventional 
journal-box assembly. 

Power loss in journal friction as a factor in total train resist- 
ance is a particularly timely subject, as the railroads are con- 
templating operation at higher maximum and higher average 
speeds. The values given by the author cast considerable doubt 
on the advisability of substitution of roller bearings for solid 
bearings as a matter of sound economics. 

2 Theseparation of the power loss between bearing and lubri- 
cating medium. 


To those confronted with the everyday problems of journal 
operation, the significance of packing friction losses relative to 
those of the bearing alone will be of considerable practical interest. 

Analyzing the author’s paper in the light of the two major dis- 
closures, obviously, much of constructive value to the railroads in 
the operation of a conventional journal-box assembly would re- 
sult from a further exploration of this subject through a lower 
range of speeds and temperatures in combination with various 
methods of lubrication, lubricants, and bearing construction now 
available. 

The accepted formula for calculating freight-car resistance on 
straight level track is! . 


29 0.00054 V2 
Ress lids 4+>,0,045Vi 4+ == 
w 


Fig. 21 of this discussion has been superimposed upon the au- 
thor’s Fig. 20 demonstrating what a small portion of total resist- 
ance can be charged to journal friction at the load and speeds used 
in the paper. 

The values given by the author for power losses are roughly 
one tenth of that given by the first two terms of Equation [1] of 
this discussion. 

Journal operating temperatures in this paper are at a level 
much higher than the generally accepted limit for safe perform- 
ance in service. This is due in large part to operation in the still 


9 President, Railway Service and Supply Corporation, Indianapo- 
lis, Ind. Mem. A.S.M.E. 
10 “The Steam Locomotive,”’ by R. P. Johnson, Simmons-Boardman 
Publishing Corporation, New York, N. Y., 1944, p. 184. 
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air of the laboratory. Pearce! shows the magnitude of this dif- 
ference at lower speeds than covered in this paper. 

Another contributing factor to the high temperature obtained 
with the waste pack was the use of ‘‘oven-dried”’ waste as so des- 
ignated by the author. In investigations of this kind, in the in- 
terest of accurate duplication of results, oven-drying of waste is 
done to offset the variation in moisture content and the effect on 
temperature which would otherwise exist between various sam- 
ples of waste. In preparing the waste for test purposes it is 
dried at a temperature of 220 F. The effect of this drying upon 
operating temperatures is shown in Fig. 22 of this discussion. 

The contribution of the lubricating medium to the total power 
loss of the bearing assembly has never been fully appreciated. 
The placing of a waste pack in a journal box is very similar to the 
installation of an opposed bearing, as there is an upward pressure 
of the waste pack against the lower half of the journal. Fig. 23 
shows how this contributes to the elevation of the running tem- 
perature as the amount of packing at the same oil-waste ratio, is 
varied in the same journal box. 

To verify the power losses of the lubricating medium, as shown 
in Fig. 14 of the paper, a study was made of the reduction in power 
input to the driving motor by the momentary lowering of 
the lubricating medium from contact with the lower half of the 


“Temperature Distribution and Sources in the Conventional 
Railway Journal Box,’’ by E. S. Pearce, Trans, A.S.M.E., vol. 62, 
1940, pp. 633-638. 
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journal. This was accomplished by the use of the bearing de- 
scribed by Pearce!? as bearing No. 18, this bearing being capa- 
ble of operation for sustained periods on the stored oil. This 
time interval was quite adequate to take the necessary instru- 
ment readings. The box used was split on its horizontal center 
line and mounted on a jack so that it could be quickly lowered 
and again raised. Results are shown in Fig. 24 of this discus- 
sion, and comparison with the author’s Fig. 14 indicates that 
the calculated loss of the lubricating medium is in good general 
agreement with the experimental findings. 


R. J. SdommaKer.!* In connection with the results obtained 
with pad lubrication reported in this paper, we may state that 
one of the major trunk-line railroads of this country has been us- 
ing pad lubrication (Magnus type). very successfully for a number 
of years past in connection with oil lubrication of driving-box 
brasses of main passenger and freight power, also on main-line 
passenger cars, locomotive tender, and locomotive truck and 
trailer brasses. 

By the use of pad lubrication, considerable economy of opera- 
tion has been accomplished as shown by reduction in the number 
of hotboxes, increased service life of bearings, and corelated 
parts, reduction in friction, etc., as compared with results ob- 
tained with conventional lubrication formerly used. 

With regard to the economy of materials accomplished in the 
tests of new types of bearings reported in the paper, the author 
states, “Since there appears to be no satisfactory substitute for 


12 ‘Locomotive and Car Journal Lubrication,’’ by E. S. Pearce, 
Trans. A.S.M.E., vol. 58, 1936, pp. 37-45. 
13 Magnus Metal Corporation, Chicago, IIl. 
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TABLE 5 DEGREES BRINELL HARDNESS OF VARIOUS 
BEARING METALS 


(500 kg load) 


Tin-base A.A.R. Antimonial 
Deg F Satco babbitt babbitt lea 
70 23.8 22.2 17.8 15.0 
212 17.2 12.9 9.5 6.2 
300 12.0 7.6 4.2 * 
400 Ted * * 


* Indicates metal too soft to measure hardness using 500-kg load. 


TABLE 6 COMPRESSIVE S RETAOoL OF VARIOUS BEARING 


(Pounds per square inch; 25 per gent igoformation) 


Tin-base Antimonial 
Deg F Satco babbitt babbitt lead 
70 16300 17200 15600 13000 
212 10200 7500 6100 5000 
300 7000 4000 2700 1100 
400 3700 2000 1200 * 


* Metal too soft to determine compressive strength due to excessive 
deformation. 
babbitt, reduction in quantity is the only open course.”’ The 
author further states that in redesigning the prewar type of jour- 
nal bearing, the babbitt metal was reduced 50 per cent in weight, 
or in other words, reducing the lining metal from 1/, to 1/s-in. 
thickness, as was done in the A.A.R. emergency-type bearing used 
in the early years of the war. However, in view of the unsatis- 
factory performance in service of this 1/s-in. lining, the babbitt 
metal was later restored to its original 1/,-in. thickness, as now 
used by the railroads in the present type of A.A.R. emergency 
journal bearing. 

With regard to a satisfactory substitute for babbitt metal, we 
may mention that our company developed and put on the market 
a number of years ago an alkali-earth-hardened lining metal for 
bearings known as “‘Satco”’ metal, which is having widespread and 
successful use as a substitute for lead- and tin-base babbitts, block 
tin, etc., in various types of railway and other bearings. 

This metal is a lead-base alloy containing from 95 to 98 per cent 
lead with the balance calcium, tin, and other hardeners. It con- 
tains no antimony or copper. During the late war great econo- 
mies were effected by the use of Satco bearing metal in vital 
materials such as tin, copper, antimony, etc. 

Satco metal has a melting point approximately 150 F higher 
than that of babbitt metals with a correspondingly greater 
hardness at elevated temperatures. Tables 5 and 6 of this dis- 
cussion show comparative physical properties of Satco metal, 
A.A.R. babbitt, tin-base babbitt and antimonial lead at normal 
and elevated temperatures. 

Because of its greater heat resistance Satco-lined bearings per- 
form satisfactorily at temperatures which cause failure by melting 
in babbitt-lined bearings, consequently the alloy is more resist- 
ant to “waste grabs’ which are a frequent cause of failure in 
railway bearings. 

In addition to the various types of railway-car and locomotive 
bearings, Satco metal is also used as a lining in main and con- 
necting-rod bearings and motor-support bearings of Diesel en- 
gines. The successful performance of the alloy in this service 
has been reported by L. M. Tichvinsky.'4 

The author further reports that the lining metal in the ‘‘mag- 
nus special”’ bearing tested by the committee showed indications 
of corrosion during the 80-mph schedule. In this connection we 
wish to state from our experience with Satco-lined bearings, that 
corrosion is the exception rather than the rule. In the railway 
field particularly, corrosion of Satco linings is of rare occurrence. 

Under certain conditions, however, particularly with lubricat- 
ing oils which are compounded with free fatty acids, all types of 
lining metals regardless of their composition will corrode to some 
extent. 


14 “Diesel-Engine Bearings,” by L. M. Tichvinsky, Mechanical 
Engineering, vol. 67, 1945, pp. 297-308. 
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AuUTHOR’s CLOSURE 


The discussion has brought to light some additional experi- 
mental work on the subject. It is hoped that Mr. Exline plans 
to publish the results of the railway-car journal bearing studies 
conducted in the laboratories of the Gulf Research and Develop- 
ment Company. 

Data on lubricator power losses furnished by Mr. Pearce are 
most interesting inasmuch as they check the results given in the 
paper by an entirely independent method. With waste-pack 
lubrication, Fig. 24 shows the losses somewhat greater than the 
author’s Fig. 14. Losses with the pad are in close agreement. 
Mr. +Pearce’s direct method of obtaining his data is probably 
somewhat more accurate than the author’s indirect approach. 
The results, however, are in good agreement as has been pointed 
out, and may be said to verify some of the conclusions reached in 
the paper. Mr. Jones’s comment that journal friction is a rela- 
tively small part of the total car resistance is well illustrated in 
Fig. 21. 

Detailed procedure in the calculation of bearing oil-film thick- 
ness and friction, referred to by Mr. Hersey, was purposely 
omitted to reduce the length of the text. Basic data for these 
calculations will be found in previously published papers by 
Kingsbury15 and Needs."* 

The test results bring out the very interesting fact that despite 
the relatively large clearances of the railway journal bearing, 
clearances far beyond those permitted in other machinery, the 
bearing friction is slightly less than with the more normal clear- 
ances obtained by running the fitted bearings at operating tem- 
peratures. In other words, it appears that the friction of the 
bearing itself is about as low as can be expected and improve- 
ment can be hoped for only through method of lubrication. In 
this respect, statements by Mr. Jackson and Mr. Shoemaker that 
some of the railroads of this country have been using flood and 
pad lubrication for a number of years are significant. 

A comparison of the test results given in the paper with similar 
data on roller bearings for railroad equipment as suggested by 
Mr. Jackson would be very interesting indeed and it is hoped 
that the Committee will be able to release such information in the 
not too distant future. } 

Mr. Shoemaker’s data on variation of bearing-lining hardness 
with temperature are particularly interesting. From the fact 
that bearing 95-B carried a load of 1930 psi at 375 F with “A.A.R. 
babbitt”? there appears to be ample babbitt hardness safety 
factor when operating at the usual loads and temperatures en- 
countered in service. 

That part of the discussion which is critical stresses the fact 
that a bearing under test-in the laboratory is not meeting actual 


16 “Optimum Conditions in Journal Bearings,” by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7, pp. 123-148. 

16 “Wffects of Side Leakage in 120-Degree Centrally Supported 
Journal Bearings,”’ by S. J. Needs, Trans. A.S.M.E., vol. 56, 1934, 
paper APM-56-16, pp. 721-732. 
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service conditions, and for this reason the test results are not of 
practical nature. When planning the tests the difference be- 
tween laboratory and service conditions was realized. For 
example, it was not expected that the machine in which the tests 
were run would give any information on the ability of the bearing 
to withstand collar cracking forces. Such information is readily 
obtained by placing the bearing in service. The main objects 
of the laboratory tests were to investigate bearing friction and 
method of lubrication under steady comparable conditions and to 
compare these characteristics with those of the fitted bearing on 
the assumption that the fitted bearing was the best obtainable 
for the service. Since all successful bearings in actual service 
operate by virtue of their oil films, comparisons under comparable 
conditions of various methods of feeding these oil films are entirely 
valid, hence practical, regardless of whether the data are accu- 
mulated in the laboratory or on the railroad. In order to make 
the tests comparable they had to be run under steady conditions 
and since there are very few stretches of track where a train can 
run 80 or 100 mph for eight consecutive hours, the difficulty of 
obtaining our data from service is apparent. In some respects the 
conditions of the laboratory tests were more severe than the bear- 
ing would meet in service. Proof of this is the fact that every 
bearing surviving the laboratory test gave a good account of it- 
self in service. 

One or two other points raised by Mr. Mitchell can be answered 
more specifically. It is quite true that in a railroad car the two 
opposite bearings push the axle and wheels along. The hori- 
zontal component of the load which provides this force is essen- 
tially small as compared with the vertical component due to the 
weight of the car and its load. However small the horizontal 
load may be it does cause the bearing center line to lead the 
journal center. This, however, has no effect whatever on forma- 
tion of the oil film. Only the converging portion of the oil film 
can possibly generate positive load-carrying pressures. In the 
testing machine the load-carrying area is in the center of the bear- 
ing as shown in Figs. 11, 12, and 13. Because the bearing must 
carry the axle and wheels along in actual service the load-carrying 
bearing area will be shifted from the center a very slight distance 
opposite the direction of rotation. Under comparable operating 
conditions the films will be exactly the same otherwise. 

Regarding heat transfer from bearing to wedge, the test results 
seem to indicate that the smaller contact area of bearing 94 is not 
a matter of concern. As Mr. Mitchell has pointed out, the oper- 
ating temperatures of bearing 94 are much the same as the tem- 
peratures of the other two bearings under the same operating 
conditions. This would be expected inasmuch as friction is ap- 
proximately the same with each of the three bearings. It will be 
noted from the tables, however, that the temperatures of bearings 
93 and 95 are generally several degrees lower than the journal. 
With bearing 94 this difference is only a degree or so, the smaller 
difference being due to less contact area between bearing and 
wedge. 
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Dimethyl-Silicone-Polymer Fluids and Their 


Performance Characteristics in Unilater- 


ally Loaded Journal Bearings 


By J. E. BROPHY,? R. O. MILITZ,’ anp W. A. ZISMAN! 


This investigation concerns the practicability of using 
the dimethyl silicone polymer fluids as lubricants in uni- 
laterally loaded journal-bearing machines. A specially 
designed bearing machine was used having forced-feed 
lubrication up to pressures of 26 psi. It was operated at a 
speed of 1725 rpm, and the oil-sump temperatures varied 
from 115 to 130 F, while the bearing temperatures 
varied from 150 to 240 F. Plain or chrome-plated high- 
carbon-steel shafts were used in conjunction with bearings 
of copper-lead, bronze, tin-base babbitt, cast iron, com- 
mercial brass, aluminum (17S), copper and Alfin metal. 
Cast-iron or steel bearings used in conjunction with steel 
journals were entirely unsatisfactory when lubricated with 
the silicone fluid. All of the nonferrous bearings per- 
formed satisfactorily with the silicone fluid. It was found 
that an organic silicon-containing film was formed dur- 
ing the long, slow, break-in process. The need for sucha 
long break-in could be eliminated by the application of a 
technique of pretreating or lacquering the bearings with 
silicone oil before assembling the test machine. The 
method of pretreatment is described briefly. It was also 
discovered that such pretreated bearings were able to 
carry much higher than normal loads when operated in 
contact with petroleum lubricating oil. 


INTRODUCTION 


HIS is part of a larger investigation made by the Naval 
Research Laboratory during the war at the request of the 
Bureau of Ships. It concerns the physical and chemical 
properties of the silicone polymer fluids (or polyorganosiloxanes) 
and their application to, and development for, naval lubrication 
problems. As the dimethyl silicone polymer fluids have the 
smallest temperature coefficients of viscosity of any of the avail- 
able silicones (or of any other known pure liquids in the viscosity 
range of lubricants), and as they are especially stable to oxidative 
decomposition, they have been the most thoroughly studied, and 
they alone are discussed here. 
The dimethyl] silicone fluids are included among the various 
new silicones developed and manufactured by both the Dow 
Corning Corporation and the General Electric Company and are 


1 The opinions or assertions contained in this paper are the authors’ 
and are not to be construed as official or reflecting the views of the 
Navy Department. 

2 Associate Mechanical Engineer, Lubrication Section, Naval Re- 
search Laboratory, Washington, D.C. Mem. A.S.M.E. 

3 Lieutenant, U.S.N.R., Lubrication Section, Naval Research 
Laboratory, Washington, D.C. 

4 Head Lubrication Section, Naval Research Laboratory, Washing- 
ton, D.C. Mem. A.8.M.E. 

Contributed by the Special Research Committee on Lubrication 
and presented at the Annual Meeting, New York, N. Y., Nov. 26-29, 
1945, of Tar AmMpRICAN SocieTy or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


now commercially available from each supplier under his own 
trade name.®6 At the start of this investigation only one 
manufacturer was in commercial production and able to supply 
large enough quantities of the desired fluid; hence all the data 
given here relate to several large batches of a well-reproduced 
fluid made by the Dow Corning Corporation. 

Comparisons with the latest available and comparable grades 
of dimethyl silicone polymer fluids manufactured by both pro- 
ducers showed them to behave identically as lubricants. The 
fluid used here was specially stripped of volatiles, making it non- 
inflammable to incendiary fire. It was identified by the pro- 
ducer as Dow Corning fluid, series 500, batch 369-62-69, and its 
viscosity-temperature characteristics are summarized as follows: 


Kinematic viscosity, 


Temperature, deg F centipoises 
210 29.8 
130 55.6 
100 73.5 
0 275.0 
—20 390.0 
—40 600.0 


Prior to the investigation of this laboratory all of the lubrica- 
tion tests reported by the producers and by the numerous other 
laboratories having access to these fluids had led to the conclu- 
sion that the silicones were poor lubricants. However, these 
fluids were considered so promising in other respects and the need 
for low- and high-temperature lubricants and noninflammable 
hydraulic fluids was so great that it was deemed unsound to drop 
them from consideration on the basis of the usual quick tests for 
load-carrying capacity. 

After some search, a simple technique was found suitable for 
observing quickly some of the lubricating peculiarities of sili- 
cones. This is described in another paper.”? Using this technique 
to separate the promising metal combinations from those ob- 
viously having no promise, it ‘was found that whereas a number 
of nonferrous metals were suitable for bearings, steel or cast iron 
were uniquely unpromising. It was therefore decided to study 
these extreme types of metal combinations in both a bearing ma- 
chine and a hydraulic pump system. The results obtained in 
hydraulic systems are described elsewhere,’ while the first results 


‘obtained in bearing machines are reported here. 


Since the theoretically best understood and most common type 
of lubrication occurs in the unilaterally loaded journal-bearing 
machine, it was considered to be the appropriate machine for 
studying load-carrying capacity (or seizure load) as affected by 
the fluid, the break-in procedure, and the bearing composition. 
By going from light loads with full hydrodynamic conditions 


” 


5“‘The Silicones—A New Plastics Family,’’ Plastics, vol. 2, 
January, 1945, pp. 112-115. 

6 “The Organo-Silicon Polymers,” by E. G. Rochow, Chemical and 
Engineering News, vol. 23, 1945, p. 612. 

7 “Dimethyl-Silicone-Polymer Fluids and Their Performance 
Characteristics in Hydraulic Systems,” by V. G. Fitzsimmons, 
D. L. Pickett, R. O. Militz, and W. A. Zisman, published on pages 
361-369, of this issue of the Transactions. 


355 


356 


prevailing, to heavy loads with intermittent metallic contact, it 
was believed that important peculiarities of the fluid could be 
noted. It was necessary to design a special bearing machine for 
this work. 

Owing to the originally limited availability and high cost of 
the silicone fluid, this machine was of small capacity. Neverthe- 
less it was desirable to be able to employ commercially available 
insert bearings and to secure adequate freedom from shaft de- 
flections and bellmouthing of bearings, which meant that good 
bearing alignment and accurate boring and finishing of bearings 
were essential. Several models were built, the final one used for 
this investigation being shown in Figs. 1 to 4, inclusive. 

Due to the poor lubricating value of the silicones in steel-on- 
steel or steel-on-cast-iron sliding loaded surfaces, the forced-feed 
oil system of the machine had to be operated with a low-pressure 
low-flow-rate gear pump designed to avoid such loading. The 
machine used was equipped with a specially designed gear pump 
having bronze bearings. Later models of the machine were 
equipped with Pesco 1P-349N aviation gear pumps run at low 
speeds. 


EXPERIMENTAL EQUIPMENT AND Merruops 


Fig. 1 shows the bearing machine completely assembled with 
weights on the pan of the loading arm. Fig. 2 is a partial test 
assembly of the bearing machine revealing the placement of the 
bearings, journal, and thermocouple. Fig. 3 is an assembled 
view of the support bearings, test bearing, journal, and flinger. 
Fig. 4 is a view of the component parts of the test assembly 
shown in Fig. 3. 

The small motor A beneath the drain pan, Fig. 1, drives a special 
vertical, bronze, gear pump B. The pumpisimmersed in its own 
reservoir © to minimize the volume of fluid needed. The high- 
pressure feed line extends from the side of the pump to the air- 


Fie. 1 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


craft-type Skinner filter D. One copper tube from the filter feeds 
the support bearings. This tube and its end connection to the 
support block are shown in Figs. 2, 3, and 4. Another copper 
tube from the filter goes to a needle valve and thence to a 
rotameter-type flowmeter E. The fluid pressure is measured at 
the outlet of the flowmeter. A coiled copper tube connects 
the flowmeter with the test-bearing holder F. The load on the 
bearing is applied through the long beam G and a secondary 
lever system that is connected to the test-bearing holder. 

The method of supplying the lubricant to the bearings is shown 
in Figs. 3 and: 4. The flare fitting on the block H is connected 
to both support bearings by drilled holes. The small hole at the 
top of the test bearing J shown in Fig. 4, is the supply orifice for 
the lubricant. The test holder is drilled to connect the flare 
fitting and the bearing. A spring-loaded thermocouple is screwed 
into the bottom of the test-bearing holder at point K and contacts 
the outer surface of the test bearing. 

Plain bearings with one hole drilled top center (opposite 
loaded area) were used. The bore was 0.687 in. and the length 
of the bearing was !/2in. The bearing clearance (bore diameter 
minus journal diameter) was held to 0.0010 in. = 0.0001in. A 
special boring technique, developed and made available to this 
laboratory by Russell Dayton of the Battelle Memorial In- 
stitute, was used to assure true cylindrical holes in the test bear- 
ing and support bearings. The journals were of chromium- 
plated high-carbon steel with the exception of that used in run N, 
in which case it was copper-plated steel. The bearings were 
pressed into the test-bearing holder and the support block. If 
rough-boring was necessary, it was accomplished before pressing 
the bearings into the holder and block. Finish-boring was 
accomplished in the lathe in a special fixture using the boring 
technique mentioned previously. This fixture was built to 
isolate the eccentricities of the lathe spindle from the work and 
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Fig. 2 


Fic. 3 AsspmMBLy or SupPpoRT AND Txust BEARINGS 


to insure reproducible finishings in the bearing. All parts in the 
test setup, including the bearings, were washed either in unleaded 
gasoline or in benzene and blown dry with clean air. All bearing 
surfaces were wet with the silicone fluid prior to assembly in the 
machine. 

Due to the low surface tension of the silicone fluid, approxi- 
mately 20 dynes per cm, it was difficult to prevent leakage of 
the fluid from the system. In the first bearing machine de- 
veloped for this work it was found that the standard labyrinth- 
type seal, used so much in modern equipment, was entirely un- 
satisfactory. Flinger rings were found to work if properly 
shaped. As for the standard synthetic-rubber seal rings, it was 
found necessary to change the composition of the rubber to a 
silicone plasticized Hycar compound, described in the accom- 
panying paper on hydraulics.” cai 

The gear pump was operated to deliver the silicone fluid to the 
test bearing at a pressure of approximately 26 psi. No attempt 
was made to maintain the same ambient temperature or bearing 
temperature throughout the various runs. Bearing temperatures 
ranged from 152 to 240 F, while temperatures of the oil in the 


Fie. 4 Component Parts or A Brarine Tust 


sump ranged from 118 to 129 F. The journal speed throughout 
was 1725 rpm. The load in all the tests was limited to a maxi- 
mum of approximately 6000 psi. This limit was imposed by the 
design of the machine, since higher loads would cause excessive 
shaft deflection and bellmouthing of the bearings. 

After some experimentation, several procedures were adopted 
for breaking in the bearings. A slow break-in consisted of an 
initial overnight run of 16 hr at 500 psi, and thereafter an increase 
in the load of 100 psi per hr. This load was continued until 
failure occurred, or the load limit of the machine was reached 
(6000 psi). If no seizure occurred the load was cycled between 
500 and 6000 psi. One run of 157 hr duration was made. Once 
broken in, the bearings were run 8 hr per day at 6000 psi after a 
15-min warm-up run at 500 psi. The 157-hr run was stopped 
because of a failure in the power supply to the oil-pump motor. 
A fast break-in had only 2 hr initial operation at 500 psi, and the 
load was increased 500 psi every 15 min. A very fast break-in 
has been used in which the bearing was operated at 500 psi for 
2 hr and then loaded to 3000 psi and increased to 6000 psi 15 min 
after that. The bearing was then cycled between 500 and 6000 


psi. ; 
The temperature of the test bearing was taken at the outer 
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surface of the bearing through the bottom of the holder as pre- 
viously described. Temperatufes were measured and recorded 
continuously on a Leeds & Northrup potentiometer having a 
range of 0 to 350 F, and a time of full-scale travel of 27 sec. 
With this type of instrument it is impossible to follow flash 
temperatures or temperatures at final seizure, but general oper- 
ating temperatures were recorded very well. The temperature 
of the bearing rose slightly after each increase in load, but fell in 
a few minutes to an equilibrium temperature slightly higher than 
that for the previous load. This temperature-recording arrange- 
ment has proved satisfactory for observing incipient seizure. 
However, in the runs described in this paper, no difficulties with 
incipient seizure were found in the silicone-lubricated runs over 
the load range used. 

The bearing metals used included cast iron, babbitt, a high lead 
and a high-tin bronze, copper-lead alloys containing high, 
medium, and low amounts of lead, copper-nickel silicide, copper 
(hard), commercial brass (half-hard temper), aluminum (178), 
and Alfin metal. The chemical analyses and sources are given 
in Table 1. It should be understood that these materials are not 
the only ones of promise but simply all those investigated to date. 


Some Loap-CARRYING CHARACTERISTICS OF CHEMICALLY UN- 
TREATED BEARINGS 


The first bearing machine built was tried with bearings of cast 
iron, 80-10-10 bronze, and Delco bushing (copper-lead), and steel- 
backed babbitt. The nonferrous bearings were satisfactory over 
the temperature range of 140 to 180 F up to the load-carrying 
limit of the machine (only 2200 psi). The cast-iron bearings 
operated under no load but failed promptly at loads of only 250 
psi. Therefore a new machine was built permitting loading up 
to 6000 psi. 


Using the break-in procedure already described, copper, 
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Federal Mogul F-16, aluminum (178), and Alfin alloy bearings 
were investigated in the journal-bearing machine shown in Figs. 
1 to 4, inclusive, using the silicone fluid. The summarized re- 
sults are given in Table 2, as runs A, B, C, and D. In all cases 
these metals, once broken in, operated as satisfactory bearings at 
loads up to the load limit of the test machine (6000 psi). Of 
course, this conclusion is restricted to the given range of bearing 
temperatures, oil-flow rates, and ZN /P values (Z, N, and P hay- 
ing the usual meanings, i.e., Z = viscosity; N = rpm of journal; 
P = bearing load per unit of projected area). The quantity 
PV (in which P = the load and V = journal velocity in feet per 
second) used to predict the performance of a bearing with a 
petroleum oil is given in Table 2. No significance can yet be 
given to these values for the silicone fluids until more data are 
collected. In all cases no significant change (+1 per cent or 
less) in the viscosity of the fluid resulted. 

In each of these runs, as in the earlier bearing tests mentioned, 
it was found that the slowly broken-in bearings not only devel- 
oped high load-carrying capacities, but also retained them when 
the original silicone fluid was replaced by new and unused sili- 
cone oil. An obvious inference was that the bearing surface had 
been chemically or otherwise altered. A careful inspection of 
each bearing surface following the slow break-in procedure 
revealed that each loaded surface was coated with a thin trans- 
parent film or lacquer roughly 0.0001 in. thick and varying from 
water-white to pale yellow in color. Such a lacquer had also 
been found on the bronze bushings of the Pesco high-pressure 
gear pumps used in the hydraulic pump.” 

It is now well recognized that bearings carefully run-in on pe- 
troleum lubricants slowly develop a dark lacquer coating on 
the loaded-bearing surface. Asit was considered possible that the 
high load-carrying capacity obtained in a slow break-in with 
silicone oil was due to the formation of the observed film or 


TABLE 1 ANALYSES OF BEARING METALS USED 


Bearing metal Cu Pb Sn Zn Sb Fe Ni Al Cc Si Mg Ss Pp Mn 
Delco bushing?... 88.92 3.79 4.01 3.28 | 0.01 | 0.01 
A.S.T.M.-B62-36. Sc Mee ors Bers an ae ie 
F-16 (copper-lead) 74.63 | 19.04 5.47 0.6 0.1 0.5 ae 
F-1 (bronze)>... 86.95 0.1 9.5 2.5 0.1 ea 0.05 
A.S.T.M. B60-36. i ae oe oo % aA a 
Commercial brass (half-hard temper)... |60.2 2.69 37.0 0.05 25 0.1 seas bye 
Copper bar (bared) bem nterctencreberersieisteiere 99.9 oe state ae se sic els are nes 0.9 Si 
Aluminum (17S) emer citericteresicioetocre cer 4.0 sets ee 95.0 ae 0.5 5 0.2 
Alfin motale cco. '<ccreiticaionies siaieieue 4.5.0 0.05 6.32 0.89 93.0 (ACE || Aan a 
Copper-nickel-silicide?................ 96.0 nor Ang S10 Se 2.19 We 0.8 ans a6) 59 
Babbitivnsnrcactei ie tiemmictrtetimeccics 3.77 0.07 | 89.2 7.64 | 0.01 = is oe 0.088 | 0.40 ES 
Cast Iconse ds nansye eri stejustemtunm ces orcere ae ers 3.36 | 1.2 fon oe 0.48 
BBrONZe tes stare koreans cate ovelelete eeteocersrerevere 79.9 10.0 10.0 0.02 | 0.01 a5 a5 30 
@ Manufactured by Delco Appliance Division, General Motors Corporation (Pe. No. 5020150). 
’ Manufactured by Federal-Mogul Corporation. 
¢ Manufactured by Al-Fin Corporation, Jamaica Long Island, N. Y. (obtained through courtesy of N.A.C.A.). 
@ Manufactured by P. R. Mallory & Company, Inc. (known as Mallory No. 53). 
TABLE 2 RESULTS OF JOURNAL-BEARING TESTS WITH SILICONE FLUID 
Bearing N 
Run ° : Bearing temp.°, Oil-sump temp., deg F ZN Treated Type of 
no. Bearing material® load,® psi deg F Initia Final ING bearings break-in 
A aI'6 cotewte: aeteters 6000 165 118 122 11.5 31400 No Slow 
B Avan (178) 53004,¢ 145 120 127 15.5 27200 No Slow 
Cc Alfin Vee sales 57004,¢ 163 127 127 12.1 29700 No Slow 
D GeO 60004 163 122 122 11.5 31400 No Slow 
E Delco 6000 152 118 127 12.7 31400 Yes Fast 
F Delco 5004 nite ate ae ol 2590 No Fast 
G Deleo fev. t~ 6000 240 120 122 6.8.4 31400 Yes Fast 
H Delco sitymtertaise sf eaiaeetereve 6000 146 122 125 13.4 31400 Yes Fast 
J Delco: patietstels tate © clam entree iaa 6000 190 120 125 9.3 31400 Yes Fast 
K VLG On cocteey arsiehetsrexcierstatsteterercnerere rere 6000 137 118 125 14.5 31400 Yes Fast 
L eae brasscie2 a waseeteas 6000 196 116 120 9.0 31400 Yes Fast 
1 Wg el Ok Pee On enOOC OroU Goal oce 6000 152 115 122 12.7 31400 Yes Fast 
N Gola Tolled isteel9i i fitercnt. sate ela aus 55004 135 116 118 16.6 25500 Yes Fast 
WY (GEE Smo eoasgsonndsos ose 20004 115 120 120 ° 53.6 10800 Yes Fast 
WwW Cast ir Omen ss: a ccsserooemnereta inet 25004,f 126 116 118 37.8 13500 Yes Fast 


2 All shafts except where noted were Erromesplared high-carbon steel. 

6 Load limit of test machine was approximately 6000 psi. 

¢ Highest steady-state temperature prior to seizure. 

d Bearing seized at this load. 

¢ Run terminated due to accidental failure of power to oil-supply pump, 
f Incipient seizure at 1521 psi. 

9 Copper-plated high-carbon-steel shaft, support bearings—Delco. 
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lacquer, it was decided to try to produce artificially such films 
on bearings and investigate the resulting change in the break-in 
and load-carrying characteristics of the bearings lubricated with 
silicone fluids. 


Stricong LacQuEeRS AND THEIR UsE IN SILICONE-FLUID-LUB- 
RICATED SYSTEMS 


Previous research of this laboratory on the oxidation stability 
of the dimethyl silicone polymer fluids had shown them to be 
very stable at temperatures up to approximately 300 F. At 
higher temperatures some formaldehyde and formic acid were 
evolved, and eventually the oil thickened until it set to form a 
water-white transparent gel. The rate of oxidation and of 
viscosity increase was considered negligible for most purposes 
at temperatures of 300 F, but at higher temperatures they be- 
came increasingly more serious. In the temperature range of 
300 to 500 F and in the presence of the common metals, Cu, Fe, 
Al, bronze and babbitt, the rate of oxidation was decreased 
somewhat. However, pure lead and pure tin were found to be 
catalysts for accelerating the oxidation and gelation of the oil. 
From this work and other related research of this laboratory 
it was concluded that the films on the bearings, as described pre- 
viously, were silicon-containing organic lacquers or thin film's 
formed during contact of the metal with the products of the 
silicone-oil oxidation reaction. 

The test bearing metals and also the supporting bearings were 
immersed in beakers of the silicone oil and were heated in the 
open air for long periods of time at 300 F or higher. The desired 
lacquers eventually formed, the time required varying with the 
temperature and metal. Numerous variations of this method of 
forming lacquers on the bearings have been tried and developed. 
The method used in preparing the bearings throughout the test 
discussed in this report involved the use of temperatures of 300 F 
for as long as 100 hr, or 500 F for only 24 hr. Longer times of 
exposure were necessary for steel than for nonferrous metals. 

With the exception of run F, all of the runs E to N, inclusive, 
in Table 2 were made with lacquer-coated bearings previously 
prepared by the chemical method described. After the lacquer 
treatment the bearings were allowed to cool, were washed with 
benzene, and were then assembled in the test machine. Follow- 
ing this, the test fluid was added and the bearing test was run 
according to the loading schedule indicated in Table 3. It will 
be noted from Table 2 that all these treated bearings carried 
the maximum load of the machine (6000 psi), while the break-in 
time was reduced to only 2 hr. Also no significant changes 
(+1 per cent or less) in the viscosity of the fluid resulted. 

In run F an untreated Delco bearing was used, and it was 
initially loaded up to and held at 500 psi. After 1!/, hr operation 
at that load seizure occurred. This is to be contrasted with the 
five equally or more rapidly loaded runs, E, G, H, J, and K, on 
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the same bearing metals up to maximum loads of 6000 psi. The 
low load seizure in run F indicates the need for a slow break-in 
to obtain load-carrying capacities in excess of 1000 psi. It can 
now be concluded that a silicone film or lacquer formation on 
the bearings is necessary for the operation at high unit loads of 
silicone-fluid-lubricated journal bearings. 

In runs L and M on commercial brass and F-1 (high tin- 
bronze) bearings, respectively, each was chemically treated by 
the method described, and each could be rapidly and successfully 
loaded to the maximum load-carrying capacity of the machine. 
In run N a copper-plated high-carbon-steel journal, rotated in a 
previously lacquered, cold-rolled steel, test bearing, operated 
successfully under rapid loading until seizure occurred at 5500 
psi. This is to be compared with the very low loads (250 psi) at 
which seizure occurred with steel-on-cast-iron silicone-lubricated 
bearings as described in the earlier tests. 

Runs V and W were made using lacquer-treated bearings of 
cast iron and journals of chromium-plated high-carbon steel. 
Seizures occurred at loads of approximately 2000 and 2500 psi. 
In another paper,’ it is shown that Pesco high-pressure gear 
pumps, fitted with cast-iron bushings, failed in a few minutes at a 
hydraulic pressure of 600 psi. Therefore, although the silicone- 
lacquer treatment did not increase the load-carrying capacity of 
cast-iron bearings to values as high as it did the nonferrous bear- 
ings studied, a considerable and perhaps valuable increase did 
result. This increase in ability to carry loads is-especially signifi- 
cant when one considers the very rapid loading schedule fol- 
lowed (see Table 3). 


SILICONE-LACQUERED BEARINGS AND THEIR Use WitTH PETRO- 
LEUM OILS 


The advantages found in silicone-fluid systems in treating 
bearings with silicone lacquer suggested the investigation of the 
value of using such treated bearings in petroleum-oil-lubricated 
systems. In runs P, Q, R, 8, and T (see Tables 4 and 5), Navy 
Symbol 1080 petroleum oil was used for the bearing tests. This 
is a high V. I. nonadditive aviation-engine lubricant, and the 
batch used had the following viscosity-temperature character- 
istics: 

15.5 centipoises at 210 F 
74.5 centipoises at 130 F 


360.0 centipoises at 77 F 
2700.0 centipoises at 32 F 


The viscosity is identical with that of the silicone fluid used at 
148 F, which is not far from a mean of the bearing temperatures 
encountered. 

Before beginning runs P and Q, the bearings were lacquered 
with a silicone oil by the chemical methods already described. 
Runs R, S, and T were made without any preliminary chemical 
treatment of the bearings. It was found that the lacquered 


TABLE 3 TREATMENT AND LOADING SCHEDULE AND FOR JOURNAL-BEARING TESTS WITH SILICONE FLUID 


Run 

no. Bearing material Lacquer treatment 

A None 

B None 

Cc None 

D None 

E Bearings cooked in silicone oil 150 hr at 300 F 
EF None 

G Bearings cooked in silicone oil 24 hr at 430 F 
H Bearing cooked in silicone oil 24 hr at 380 F 
J i ... Bearing cooked in silicone oil 24 hr at 380 F 
BS Dole ovis. tystener ata eaince Bearings cooked in silicone oil 44 hr at 300 F 
L Commercial brass....... Cooked in silicone oil 89 hr at 300 F 

M bi aA Gri cra Ooo Cooked in silicone oil 108 hr at 300 F 

N_ Cold-rolled steel........ Shaft and bearing cooked in silicone oil 


Bearings—137 hr at 300 F 
Shaft—168 hr at 300 F 

Shaft and bearings cooked in silicone oil 
Bearings—178 hr at 300 F 
Shaft—167 hr at 300 F 
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Bearings cooked in silicone oil 8.5 hr at 500 F 


Loading schedule 
100 psi increments in load 1 hr after each equilibrium 
temperature was reached 
Same loading as in A 


500 psi for 1531/2 hr 


500 psi for 17 hr 
Same as in 

500 psi for 19 hr 
5CQ psi for 2 hr 
500 psi load 

500 psi for 21/4 hr 
500 psi for 2 hr 
Same as run H 
500 psi for 2 hr 
500 psi for 2 hr 
500 psi for 21/2 hr 
Same as in run E 


Same loading as in A 

250 psi increments in load every 15 min 
Bearing seized after 11/4 hr 

500 psi load increments every 15 min 
3000 psi load increments every 15 min 


6065 psi added immediately after break-in 


Load increase same as run 
Load increase same as in run G 


500 psi for 23/s hr Same load increase as in run G 


Same as in run G 
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TABLE 4 RESULTS OF JOURNAL-BEARING TESTS USING NAVY SYMBOL 1080 PETROLEUM OIL 


360 
Bearingb 

Run Bearing. temp 
no. Bearing material load, psi deg ¥ 
PR Commercial brass 5800¢ 158 

Q CLCO iss t ar eth sce 4300¢ 147 

R Weleos. spt ete ateres 2100¢ 126 

Ss Delco ca ysisk\orcue otis t iste otniets 2600¢ 143 

T Deloosa. «canine Sree Cee ee ene 2300¢ 136 


a All shafts were chrome-plated high-carbon steel. 
b Highest steady-state temperature prior to seizure. 
¢ Seizure load. 


Oil-sump temp, deg F ZN Treated Type of 

Initial — inal P PV bearing break-in 
110 112 10.0 31000 Yes Fast 
101 102 18.3 22900 Yes Fast 
127 129 58.8 11300 No Slow 
141 124 30.6 13900 No Fast 
136 136 40.7 12600 No Fast 


TABLE 5 TREATMENT AND LOADING SCHEDULE FOR JOURNAL-BEARING TESTS WITH N.S. 1080 PETROLEUM OIL 


Bearing material Lacquer treatment 


Run 

no 

P Commercial brass....... 
Q Del 
R 
Ss 
7 


Dele nis. sic aidienieesisie s None 
WDElGO, cizjevelalote. crakstelcteto tele None 
1 BL tr ey eer eA None 


bearings did not seize during a fast break-in until loads were used 
of 5800 psi with brass and 4300 psi with Delco bearings, re- 
spectively. In contrast, the unlacquered Delco bearings seized 
at from 2100 to 2600 psi, depending upon the loading schedule 
followed during the break-in. Therefore, with a petroleum-oil- 
lubricated system, the silicone-lacquer bearing treatment was 
found to increase considerably the permissible rate of break-in 
and the seizure load. 


Discussion OF EXPERIMENTS 


Due to the care used in boring, aligning, and finishing the bear- 
ings and journal, reasonably good reproducibility was obtained, 
and seizure loads did not vary more than approximately 10 per 
cent from the mean. In this work high enough values of ZN /P 
were selected to remain usually in the region of hydrodynamic 
lubrication. It is of immediate interest to learn how much 
above 6000 psi are the seizure loads for the various nonferrous 
metals studied. Inasmuch as increases in seizure loads with 
lacquer formation of from 100 to 200 per cent were found, there 
is no doubt of the reality of the improvement obtained with 
lacquering. 

Considerable variations were s found i in the maximum bearing 
temperatures before seizure. However, this is not unexpected 
because of the wide range of loading schedules followed during 
the break-in operations. These temperature variations are not 
considered as important in silicone-fluid as in petroleum-fluid- 
lubricated systems, due to both the smaller temperature coeffi- 
cient of viscosity and the greater oxidation stability of the sili- 
cone fluid. As in the hydraulic work,’ no significant viscosity 
changes occurred during the bearing runs not accounted for by 
initial loss of volatiles. This eliminates shear instability of the 
fluid as a cause of the peculiar lubricating properties of steel-on- 
steel or cast-iron bearings. 


CoNCLUSIONS 


A number of the common bearing metals have been found very 
promising for use in unilaterally loaded journal bearings, lubri- 
cated with the silicone fluid. Among them are copper-lead, 


Bearing cooked in silicone fluid 96 hr at 300 C 72 psi for 2 hr 
Bearing cooked in silicone fluid 118 hr at 300 F 500 psi for 2 hr 


Loading schedule 


db: load increments every oa min 

increase same as in run P 

Load increments of 250 at 1 hr after each equilibrium 
temperature was reac’ 

Load increased 250 psi every 30 min 

Load increased as in run 8 


72 psi for 16 hr 


72 psi for 4 hr 
72 psi for 21/; hr 


bronze, commercial brass, babbitt, copper, aluminum (178), 
and Alfin alloy. These were especially effective with chromium- 
plated high-carbon-steel journals. Cold-rolled steel bearings op- 
erated with copper-plated high-carbon-steel journal bearings 
also showed promise. These nonferrous bearings have been 
successfully operated at the load limit of the bearing machine 
used (6000 psi), with load increments of as much as 5500 psi 
applied during cycling tests. 

For the maximum load-carrying capacity the heatiigs should 
have either a long gradual break-in or be suitably treated with a 
silicone lacquer prior to operation. The long, slow break-in 
process formed a silicon-containing organic film on the bearing. 
It was found that such film-coated bearings had load-carrying 
capacities comparable to those of artificially silicone-lacquered 
bearings. 

Bearing systems of steel on steel and steel on cast iron were not 
satisfactory for operation with silicone fluids. However, a very 
slow break-in process or a preliminary treatment of the bearings 
with silicone lacquer enabled them to stand loads of up to 
approximately 2000 psi. Suitable bearing-lacquer coatings 
have been formed by completely immersing the bearings in di- 
methyl silicone polymer fluid (viscosity at room temperature of 
50 to 100 centipoises or more may be used) and maintaining them 
at a temperature of from 300 to 500 F in the presence of air. The 
time of exposure varied with the metal, being longest for steel 
and least for copper. Exposures of from 100 hr were needed at 
300 F and 24 hr at 500 F. 
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Dimethyl-Silicone-Polymer Fluids and 
Their Performance Characteristics 


in Hydraulic Systems 


By V. G. FITZSIMMONS,! D. L. PICKETT,? R. O. MILITZ,’ anv W. A. ZISMAN* 


This investigation concerns research on the polymethyl 
siloxanes or dimethyl-silicone polymers, and their uses as 
lubricants and hydraulic fluids. It is shown that these 
new fluids give excellent results when operated in a stand- 
ard aircraft-type Pesco gear pump. It was found that the 
silicones when used in a gear pump fitted with cast-iron 
bushings caused serious wear and. disintegration of the 
bushings at pump pressures of only 600 psi. It is con- 
cluded that the loaded surfaces of steel sliding on cast iron 
or on steel are not adequately lubricated by the silicone 
fluid, whereas steel sliding on bronze is effectively lubri- 
cated. A simple manually operated slider-and-plate test 
method was discovered capable of permitting the dis- 
crimination between good, bad, and indifferent bearing 
combinations for use with silicone fluids. Results with 
156 combinations of metals are summarized. There is 
also given a means of relating these observations to-the 
practical problem of selecting suitable metals for use in 
lubricating the sliding parts of machinery with silicones. 
The results are related to observations on the choice of 
suitable metals for gear pumps, piston pumps, and journal 
bearings. It is shown that the same conclusions relative 
to steel sliding on steel or on bronze are reached from 
tests with the Vickers piston pump. 


INTRODUCTION 


ARLY in the war the Naval Research Laboratory was 
requested by the Bureau of Ordnance to investigate the 
possibility of using the new silicone-polymer fluids (or 

polyorganosiloxanes) as recoil and damping fluids. When diffi- 
culties due to the inflammability of present aircraft hydraulic 
fluids became apparent, the Bureau of Aeronautics also became 
interested in the development of these fluids for use in aircraft 
hydraulic systems. A description of some of the properties of 
these fluids by the two producers will be found in the literature. 

Many of the physical and chemical properties of interest in the 
evaluation of hydraulic fluids were investigated by this laboratory 
prior to commencing tests in hydraulic equipment. It was con- 
cluded that of the various silicone-polymer fluids, the dimethyl 
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silicones were the most desirable because they had the smallest 
temperature coefficients of viscosity of any pure fluids known, and 
also had unusual stability to oxidation. The resistance of the 
dimethyl-silicone fluids to various fire hazards was studied, and 
it was concluded that they were adequately resistant to the fire 
hazards of interest in this investigation. Laboratory tests and 
M-1 incendiary-bullet firing tests on properly stripped silicones 
verified that, under such fire hazards, these fluids would not 
ignite nor would the liquid spray propagate a flame front. This 
made it of interest to study the operation in hydraulic equipment 
of a carefully stripped silicone fluid. 

Both manufacturers of the silicones were requested to prepare 
one sample each of the fluid having a viscosity at 210 F of 
approximately 25 to 30 centistokes. The viscosity-temperature 
characteristics obtained in each case were within the following 
narrow ranges: 


Temperature, deg F Viscosity, centistokes 


210 26-30 

130 52-56 

100 68-74 
0 259-275 
—20 385-390 
—40 600-610 


The two fluids submitted were used throughout this investiga- 
tion and no important differences in behavior were found. Other 
less viscous fluids can be obtained having the advantage of being 
much less viscous at lower temperatures. Thus a silicone fluid 
has since been obtained having the advantages that, while the 
viscosity at 210 F is 18 centistokes at 0 F it is 160 centistokes, 
and at —40 F it is only 360 centistokes. Such a single hydraulic 
fluid can at once satisfy all present military requirements in so far 
as viscosity, volatility, and pour point are concerned. The high 
viscosity at 100 F of the fluid used here was considered desirable 
at the commencement of this investigation because the tendency 
of the silicones to leak out of the hydraulic system and the in- 
flammability were decreased by using the highest possible vis- 
cosity consistent with approximating both the low-temperature 
ordnance and aircraft hydraulic specifications, O.S. 2943 and 
AN-VV-O-366b. 


EXPERIMENTAL EQUIPMENT 


At the commencement of this investigation the available sup- 
ply of silicone fluids was very limited and hence the laboratory 
hydraulic tests were made in systems operated with the small- 
size high-pressure pumps used in aircraft. These were the 1P- 
349-N Pesco gear pump and the Vickers model No. PF-2713-10, 
constant-delivery aircraft piston pump. 

The Pesco pump has nitrided gears running in high-lead bronze 
bushings. The bushings are pressure-loaded against the sides of 
the gears. Any wear resulting from a test is therefore noticed 
on the face ofthe gears and the sliding surface between the thrust 
face of the bushings and the side of the gears. 

The Vickers pump is a 7-piston constant-delivery pump. 
Several points are observed for wear, one being the hardened-steel 
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universal link on which are pivoted, on steel pins, four hardened- 
steel knuckles. Through two steel retainers this assembly serves 
to connect the drive shaft to the bronze cylinder block. As a 
result of the angle (10 deg) between the drive shaft and cylinder 
block, each revolution of the shaft causes the knuckles to rotate 
10 deg around the steel pins of the universal link. Bronze bear- 
ings at.either end of the universal link are lubricated by the fluid 
pumped being forced through a small hole in the link. The 
action of the piston in the cylinder block and the sliding of the 
cylinder block on the valve plate are also observed. Five ball 
bearings, one thrust loaded, two radial loaded, and two with a 
combination load, serve to make this pump very desirable as 
almost every type of wear is represented. 

The hydraulic system used is shown in Fig. 1. The reservoir A 
was designed to produce a long liquid path within the sump from 
inlet to outlet in order to facilitate deaeration of the fluid. Two 
sizes of sumps were used, depending upon the amount of the test 
fluid available. When the smaller was used the total capacity of 
the hydraulic system was 1.25 gal, while with the larger sump it 
was 3 gal. Thermometer 7’ was used for reservoir temperature 
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measurements. The line C was */,in. OD 0.035-in-wall copper 
tubing. Line D was a standard flexible high-pressure rubber 
hose with 1%/3:-in. ID conforming to the specification AN-863- 
8-21. All other tubing was 1/2-in. OD and 0.035-in. wall copper. 
Standard 248-T aluminum alloy or equivalent AN-type flare 
fittings were used throughout. The driving motor used, M, was a 
General Electric type K, frame 225, 220/440-volts, 3-phase, rated 
at 5 hp at 3600 rpm. Pressure was controlled by a Vickers No. C- 
167-E relief valve H. The gage J was used on the high-pressure 
side of the valve. This was a Lonergan gage with a range up to 
3000 psi. Gage J was used to measure the pressure drop across 
the relief valve, and gage K measured the pressure drop across the 
filter L. This filter was either a Purolator aircraft-line type, us- 
ing a paper element impregnated with what is reported to be a 
phenol-formaldehyde resin, or a Skinner aircraft-instrument-type 
filter, using a paper-disk element enclosed in a cloth sheath. 
The hydraulic fluid was cooled in flowing through cooler Mi, 
which consisted of 20 ft of 8/s-in. copper tubing inserted in 20 ft of 
3/,-in. copper tubing and then coiled in a helix. The test fluid 
passed through the space between the inner and outer tubes, and 


Hypravtic Test Sprup Usep 


a flow of cooling water passed through the inner °/s-in. tube. 
Where necessary the helix was immersed in a cooling bath. 

The device N; was a Fenwal thermoswitch which was connected 
with the motor control, the purpose being to shut off the driving 
motor if the temperature of the hydraulic fluid exceeded the de- 
sired test temperature. This device was in the nature of a safety 
shutoff in case of water failure to the cooler. The device N» was 
also a Fenwal thermoswitch which controlled the sump oil tem- 
perature through a solenoid O in the water-supply line to the 
cooler. The test fluid then passed through P, a Fisher and 


Porter rotameter Stabl-vis type 12 P7, capable of measuring flow: 


rates from 0 to 5 gpm. On top of the rotameter a Minneapolis- 
Honeywell Pressuretrol Q was installed. This was a safety de- 
vice to switch off the power to the drive motor if for any reason 
the pump failed to deliver fluid. It was caused to operate by the 
slight pressure in the line from the rotameter to the reservoir 
which was generally in the neighborhood of 1 or 2 psi. When 
this pressure was not present the switch moved to the “off” 
position, thereby breaking the circuit to the drive motor. The 
fluid left the rotameter through a line which entered the side of 
the reservoir near the top and then directed the flow against the 
wall of the container, This caused the test fluid to take a circular 
path to the pump inlet, thereby allowing any entrapped air bub- 
bles the greatest possible time to escape to the surface of the fluid. 
The liquid velocity was not sufficient to cause the fluid to vortex 
in the reservoir. 


OPERATING TECHNIQUE 


Before each test the entire hydraulic system was dismantled 
and cleaned with suitable solvents. Repeated washing with un- 
leaded gasoline was sufficient to clean the system if previously 
operated with the silicone fluid. Where polymer-thickened 
petroleum hydraulic fluids had been used previously, it was neces- 
sary to wash all parts in unleaded gasoline to remove the petro- 
leum fluid and to follow that with successive washings with 
methyl cellosolve and acetone. The cleaning procedure was 
completed with drying the system with a forced draft of clean air. 
In using these fluids precautions were necessary owing to the 
pronounced ability of the dimethyl silicones to creep over surfaces 
and to leak through mechanical joints. All tubing flares had to 
be made as nearly perfect and tight as possible, and it was found 
valuable to use wherever practicable a pipe-thread sealing com- 
pound. An available material which was found satisfactory was 
“Tite-seal,”’ a product of the Radiator Specialty Company of 
Charlotte, N.C. 

Before each run and before a gear pump was placed on the test 
stand, it was fitted with a new set of bushings and gears. Both 
the gears and the bushings were thoroughly washed in benzene, 
dried, and weighed to the nearest tenth of a milligram on an 
analytical balance. As the pump was assembled, all moving 
parts and all O-ring seals were wetted with the fluid to be tested. 
When the system was assembled and secured, it was charged by 
filling the reservoir and turning the pump slowly until the entire 
system was filled. The drive motor was then started and the 
fluid circulated with no restriction offered by the Vickers relief 
valve until it could be ascertained that the system was operating 
satisfactorily. The Vickers relief valve was then adjusted to the 
desired pressure and as the fluid began to heat up, the adjust- 
ments on the thermoswitches were made. 

Most of the runs were made for 100 hr of continuous operation 
or until a failure caused discontinuance. Samples of the hy- 
draulic fluid were taken at the end of each run and the viscosity, 
neutralization number, and precipitation number were measured, 
the latter two measurements being made only when the reference 
petroleum fluids were used. The gears and bushings were re- 
moved from the pump, washed, and weighed at the end of each 
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run to determine the amount of wear occurring during the test 
period. The rest of the system was examined for any unusual 
manifestations such as corrosion, solvent effects, and deposits. 

Piston-pump performance was characterized by observations of 
the flow rate at the beginning and end of each run, appearance 
of metallic particles in the test fluid or the filter, and condition of 
the working parts, as evidenced by weight losses, appearance, and 
fits. Due to the size and mass of the working components as 
well as to the presence of many crevices impossible to clean per- 
fectly, measurements of weight losses were not considered satis- 
factory for observing wear. 

A new filter core was used for each run and in some cases 
where a Skinner filter was used, a cloth bag covered the core. 
After each run the filters were examined for deposits. In some 
of the runs thermocouple readings were taken to determine 
temperatures after the fluid had passed through the pump and 
again after passing through the relief valve. These thermo- 
couple installations were temporary in that the temperature was 
found to rise 10 deg F passing through the valve. The results 
were consistent for a number of runs, thus making such observa- 
tions superfluous and hence they were not made routine obser- 
vations. The approximate number of cycles which the fluid made 
per run was calculated by multiplying the time of the run by the 
flow in gallons per minute and then dividing by the system 
capacity. The flowmeter readings were not corrected for density 
or viscosity of the fluid. * These readings were all made at running 
temperature for the purpose of determining losses in volumetric 
efficiency of the pumps at-a determined pump speed. These 
readings were approximately 4 per cent higher than the actual 
flow rates. 

The reference petroleum hydraulic fluids tested had the 
following viscosity-temperature characteristics: 


Temperature, Viscosity, centistokes———~ 
deg F AN-VV-O-366b O.8. 2943 
210 5.16 10.0 
130 10.1 ate 
100 14.1 29.1 
0 90.3 2235 
—25 ef 556.3 
—40 406.4 — 


Packincs FoR Systems OPERATED WITH DIMETHYL-SILICONE- 
PoLYMER FLUIDS 


If the dimethyl-silicone-polymer fluids are to be used in 
hydraulic systems, it may be necessary to change the composition 
of the packings. It was found essential to change the composi- 
tion of the O-ring seals which are so commonly used especially in 
aircraft. Whatever the ingredients used as plasticizers for the 
synthetic rubber of the O-ring seals, these plasticizers gradually 
were extracted by the silicone fluids, and as a result the rings 
shrank and became brittle. This shrinkage was of such mag- 
nitude as to cause serious leakage from the pumps and other 
hydraulic components using such rings. As might be expected, 
the solubility of the plasticizers was increased with time and 
temperature. It was found that serious leakage occurred after 24 
hr of pump operation at 180 F sump temperature. However, it 
was found possible to run the pump for 500 hr continuously at 140 
F without serious leakage, but after that run had been completed 
the seals had become so brittle that they shattered when an 
attempt was made to remove them. Even in systems operating 
at lower temperatures than 140 F, there may be trouble with 
present O-ring packings after long exposures occurring in peace- 
time practice or in long storage. There was evidence that the 
solubility effect was present even at room temperature. 

A solution to the problem of the shrinkage of O-ring seals was 
found. The same solution will probably care for difficulties with 
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many other types of hydraulic packings. It seems that the most 
commonly used plasticizers of synthetic rubber are all soluble to 
some extent in dimethyl-silicone fluids. Therefore the High 
Polymer Section of this laboratory compounded a new packing 
with a small amount of the silicone hydraulic fluid under test. 
The rubber used was basically a Hycar compound having a 
durometer reading of 60 and a tensile strength of 2000 psi, an 
elongation of 325 per cent, and a freezing point of —60 F. A 
small percentage of graphite was also included in the manufacture 
of this material to reduce the friction of these seals on moving 
parts. It was found that O-rings made from this stock gave com- 
pletely satisfactory performance in pumps using silicone fluids for 
100 hr continuous running at from 180 to 200 F, the highest 
temperatures employed in this investigation. It was found 
later that suitable gaskets necessary for journal-bearing experi- 
ments’ could be made from the same material. 


BEHAVIOR OF SILICONE FLumps In GEAR Pumps 


The results obtained on the reference petroleum oils and on the 
silicone fluid are given in Tables 1and2. The sometimes variable 
finish and hardness of the gears and bushings furnished by the 
manufacturers of the pumps caused irregular weight measure- 
ments during the break-in of new gears as can be seen when com- 
paring the gear weight losses on all runs, especially runs P-20 and 
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TABLE 1 GEAR-PUMP RUNS ON ORDNANCE AND 
AERONAUTICAL HYDRAULIC PETROLEUM OILS 


Laicw-o-366>___lo.s, 2943 <pat 1081) 
1P-60 OU OTe eee 


{P2630 P29 


Cycles approx. 


Wt. loss grams: 
Drive gear 
Driven gear 
Max. one bush- 


ing 
Total bushings 


Vise. cs.? 


Purolator 
Line type 


Purolator 
Line type 


Purolator 
Line type 


after run 


Gears & bushings 


TABLE 2 GEAR-PUMP RUNS ON DIMETHYL-SILICONE-POLYMER FLUID 


Time in hours 
Sump temp. °F 
PSI high 

PSI low 


Flow GPM: 
Start 
Finish 

Cycles approx. 


Wt. loss grams: 
Drive gear 
Driven gear 
Max, one bush- 


ing 
Total bushings 


Visc, cs.% 
Start 
Finish 


69.35 
68.51 


Purolator 
line type 


Filter type 


Appearance of 
oil after run 


Gears & bushings 


* After 40 hours. 
** After 60 hours. 


P-21 of Table 2. It can be noticed from runs P-19, P-20, and P- 
21 that when the same set of gears was re-used the weight losses 
became less, thus indicating that at least part of the weight loss 
was not due to the fluid alone but rather to mechanical variables. 
These three runs are the only ones in which gears were re-used, 
and so it can be concluded that the weight losses in the other 
runs represent the highest wear rates to be expected in the history 
of a given pump operated on clean oil. 

It was noticed that when using the petroleum ‘ordnance 
hydraulic fluid” O.S. 2948, the weight losses were much greater 
than when the silicone fluid was used. Values of approximately 
0.015 g per gear per 100 hr, using the new gears and bushings 


7™“Dimethyl-Silicone-Polymer Fluids and Their Performance 
Characteristics in Unilaterally Loaded Journal Bearings,” by J. E. 
Brophy, R. O. Militz, and W. A. Zisman, published on pages 355-360 
of this issue of the Transactions. 


with petroleum fluid, should be compared with values of often 
much less than 0.009 g using the silicone fluid. It was also found 
that higher rates of bushing wear occurred when petroleum was 
used than with silicone. 

It is believed the cause of the low wear rates on the silicone- 
lubricated pressure faces of the bronze bushings was the forma- 
tion of a protective resin consisting of cross-linked polymers de- 
veloped by oxidation of the fluid. Early research on the oxida- 
tion of silicones had shown that gels and eventually cross-linked 
polysiloxane resins resulted. Similar deposits were obtained by 
this laboratory when strips of polished metal were immersed in 
the silicone fluid during the oxidation tests. 

Although it was found difficult to detect the presence of gel in 
the silicone fluid because of the small difference in the refractive 
indexes of gel and fluid, careful examination under a microscope 
definitely revealed the presence of particles of gel in the fluid 
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which had been run for 100 hr. In every run some soft black gel 
was found on the filter element. In the 500-hr run, P-25, there 
was enough gel formed in the fluid so that it could be scraped 
from the filter walls with a spatula, permitting the recovery of 10 
ml. Apparently the only reason for the fluid casting out the gel 
under normal conditions was that the gel would attach itself to 
minute particles of more dense material in the fluid and would 
thereby become heavy enough to be thrown out at points where 
flow direction changed abruptly such as happened in the filter. 

Some attempts were made to concentrate the gel formed by the 
use of a centrifuge but this method proved unsatisfactory. As a 
result of the formation of gel in the silicone fluid, it was found that 
a definite build-up of back pressure occurred on the Skinner filters 
fitted with bags, accompanied by a gradual clogging of the pores 
by slime. The rate of clogging, however, was not sufficient to 
cause trouble in normal operation. Using either the purolator 
filter or the Skinner filter without a bag, serious clogging of 
the filter occurred after 500 hr of continuous operation at 140 F 
and 1500 psi operating pressure. 

It will be noticed in Table 2 that there was no significant vis- 
cosity change (less than 2 per cent) in the silicone fluid after hav- 
ing been pumped at a pressure of 1500 psi continuously for as long 
as 500 hr (or 105,000 cycles). For comparison, the petroleum 
fluid O.S. 2948 decreased in viscosity to less than 50 per cent of 
its original value after 18,000 cycles. 

A set of cast-iron bushings (3.3 per cent carbon content) was 
made to fit the Pesco 1P-349-N pump to replace the usual bronze 
bushings. Results with O.S. 1113 petroleum hydraulic oil as 
well as the silicone fluid are given in Table 3. When operated on 


TABLE 3 GEAR-PUMP RUNS USING CAST-IRON BUSHINGS 


ICES Lie Gi es Te a ee ae 
O0S-1113 petroleum oil 
commercial 


[posh pa14B p14 


600 (failed) 


Purolator 
line type 


Purolator 
line type 


Purolator 
line type 


Purolator 
line type 
Black with Clear 
iron par- 

ticles 


Clear 


Appearance of |Black with 
oil after runjiron par- 


New 


silicone fluid, the pump ran normally at 200 psi for 15 min. 
Therefore the pressure was increased gradually. At 600 psi the 
pump began to fail rapidly and the fluid became black with such 
finely dispersed particles of iron that they were not retained by 
the filter, while the volumetric efficiency of the pump fell approxi- 
mately 33 per cent in 5 min, leading to the discontinuance of the 
entire run. A microscopic examination revealed that much gel 
had formed in the silicone fluid. Several more runs were made 
using new cast-iron bushings and pump failures were obtained. 
The roughened appearance of a set of the cast-iron bushings fol- 
lowing such a disastrous run is evident in Fig. 2. 

Finally, similar runs were made using the Navy Ordnance 
petroleum hydraulic fluid 0.8. 1113. It was found that the pump 
operated well at a pressure of 800 psi. When examined after 2 hr 
of operation, there was only a slightly galled spot on the bushings 
as evidence of wear. 


Fic.2 Cast-Iron Busuines Arter 0.25 HR In SILICONE 


SeLecrion or Brartna Merarts ror Use Wits SILIcon® 
LUBRICANTS 


The contrast in the high rate of wear of silicone-lubricated sur- 
faces of steel rubbing on cast iron, and the negligible rate of wear 
of steel on bronze in the gear-pump runs described, suggested the 
possibility that other combinations of rubbing metal surfaces 
might exist which were also well lubricated by this fluid. It was 
evident that an undesirably large amount of shop and time-con- 
suming testing machine work would be needed if the large number 
of metal combinations of interest were tried as pump bushings or 
test bearings. 

In endeavoring to duplicate idols serious rate of wear and even- 
tual seizure at low pressures of steel sliding on polished cast iron 
or on polished steel, a simple technique was found valuable in the 
rapid sorting out of the good, bad, and indifferent metal com- 
binations lubricated with the silicone fluid. This “slider-and- 
plate” method consisted in sliding manually a flat cylindrical and 
polished metal slider having a diameter of 1 in. upon a lubricant- 
covered, flat, polished metal plate 11/2 in. wide and 6 in. long while 
exerting a downward pressure on the slider. The edge of the 
cylinder was rounded off to make the cylinder operate as a sled 
and so invite formation of an oil wedge between slider and plate. 

In the middle portion of each long back-and-forth stroke of the 
slider a condition of thick-film lubrication prevailed unless the 
unit load had become high enough to cause metal-to-metal con- 
tact. The maximum load obtainable by exerting pressure 
manually was approximately 20 psi with the 1-in. slider. Loads 
of around 40 psi could be obtained using sliders of smaller 
diameter, although the need for preventing rocking did not permit 
the use of sliders much smaller than °/,; in. diam. 

The existence of serious wear was determined by the sense of 
touch, by an inspection of the sliding metal surfaces, by ob- 
servations of the fluid for deterioration, and especially for the 
presence of abraded metal. This method may not be equally use- 
ful, however, in examining fluids of entirely different chemical 
compositions. 
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A series of these simple tests was made, using thirteen different 
sliders and twelve different plates. The metals used included 
bronze (80-10-10), brass (commercial), copper, aluminum, mag- 
nesium, tin, babbitt (lead-base), cold-rolled steel, stainless steel, 
and steel plated with nickel, chromium, cadmium, zinc, and 
silver. This permitted observing 156 combinations of bearing 
metals. For comparison, a sample of naval specification petro- 
leum oil NS-1047 was used. This high V.I. nonadditive oil had 
viscosities of 6.3 centistokes at 210 F, 41 centistokes at 100 F, 
and 2300 centistokes at 0 F. 

It was chosen because at the test temperature (68 F), it had 
the same viscosity as the silicone fluid used. The plated metal 
surfaces were buffed to a high polish before use in these tests. 
The other metals were polished, using successively finer grades of 
emery paper and ending with 4/0 grade paper. All surfaces were 
previously cleaned with hot ¢.p. toluene. Although the degree of 
surface polish somewhat affected the results of this test in so far as 
doubtful cases were concerned, it was found that the differentia- 
tion between the relatively good and bad cases was not changed. 

The results of an attempt to classify the observations using the 
slider-and-plate tests are presented in Tables 4, 5, and 6. In each 
table the qualitative results are indicated for the silicone oil and 
for the comparison oil. From the relative performance of all the 
combinations of lubricated metals tried, three groups were made. 
The good metal combinations are listed in Table 4. None of 
these exhibited any adverse characteristics. The bad combina- 
tions are listed in Table 5. The doubtful ones, listed in Table 6, 
had some bad features, such as relatively high friction or the 
presence of a metallic sludge in the oil after rubbing, but these 
characteristics were not considered pronounced enough to classify 
them as definitely bad. 

GOOD SILICONE-LUBRICATED METAL 


AND CORRESPONDING RATINGS USING 
PETROLEUM OIL N.S. 1047 


Corresponding} Corresponding 
petroleum petroleum 
Slider Plate test result Slider |Plate est result 


ie 
S: 
Babbitt 


Nickel 


TABLE 4 
COMBINATIONS 


Brass 
Copper 
Babbitt 
Tin 
Stainless 


Silver 
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In contradiction to the original conclusion of earlier investi- 
gators that silicone fluids were not good lubricants, the results of 
this study revealed 81 bearing-metal combinations with which 
they may be found to be useful lubricants. ‘The original reports 
were based upon the failure of silicone fluids to lubricate steel on 
steel where petroleum oils behaved very well. It is of interest to 
point out here that there are cases where the N.S. 1047 petroleum 
oil behaved poorly, while the silicone fluid produced good lubrica- 
tion. From Table 4 may be cited such cases as aluminum on 
brass; copper on magnesium; magnesium on tin, nickel, chro- 
mium and cadmium; and cold-rolled steel on nickel and cadmium. 

In contrast, the following metal combinations were lubricated 
well by N.S. 1047 but were not well lubricated with the silicone 
fluid: Steel, aluminum, copper, and nickel sliding on steel; 
nickel on brass and on nickel; tin on cadmium, and many others 
given in Tables 5 and 6. 

It is apparent that each particular oil fails to lubricate certain 
definite metal combinations and that specificity of lubrication is a 
phenomenon not limited to silicone fluids alone. For example, 
the difference in the load-carrying capacity between N.S. 1047 oil 
and white mineral oil or a pure hydrocarbon like dodecylbenzene 
could be discerned, but in no case was there the serious scratching 
and seizure encountered with the silicone fluid. . 


TABLE5 BAD SILICONE-LUBRICATED METAL COMBINATIONS 
AND CORRESPONDING RATINGS USING PETROLEUM OIL N.S. 
104 


Corresponding 
petroleum 


Corresponding 
petroleum 


num 


Copper 
Babbitt 
Cadmiun 
Zine 
Doudtful s 
Doubtful 
Doubtful Tin 


‘Magnesium Brass 
Copper 
Babbitt 
Doubtful 
Silver Bad 
Rickel Bad 
Chromium Bad 
Cadmium Bad 
Zine Bad 
Babbitt Bad 
Copper Bad 
Magnesium Bad 
Brass Bad 
Aluminum Bad 
Stainless Bad 
Steel 


Cold 
rolled 


Aluminum 
Stainless 


Stainless Good 
Steel : 


Tin Bad 
Silver Doubtful 
Stainless Good 
Steel 


DOUBTFUL SILICONE-LUBRICATED METAL 
AND CORRESPONDING RATINGS USING 
PETROLEUM OIL N.S. 1047 


Corresponding 
petroleum 
Slider Plate test results [Slider Plate 


Tin 
Doubtful Brass 
Doubtful Magnesium 


Stainless 


TABLE 6 
COMBINATIONS 


Corresponding 
petroleum 
oil results 


Babbitt 
Doubtful 


Good 
Doubtful 


Magnesium 
Tin 


Stainless 
steel 


exe 
Nickel Brass 

Magnes ium 

Nickel 


Copper 
Babbitt 
Magnesium 
Stainless 


Doubtful 
Doubtful 


Doubtful 
Doubtful 
Good 
Good 


Magnesium 
Cadmium 


Good 
Doubtful 
Good 


Doubtful 


Doubtful 
Doubtful 


Doubtful 
Doubtful 
Doubtful 
Doubtful 


Doubtful 


Good Doubtful 


Doubtful Doubtful 

dni btful Doubtful 
EX um Mi es ium Dou U. DOE RAN: 
Aluminum | Cadmium Bad Doubtful 
Aluminum Doubtful Doubtful 


Babbitt Bad 
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In the case of steel on steel, the N.S. 1047 lubricated specimens 
were given the maximum manual loading (40 psi with a °/s-in. 
slider) and still no tendency toward seizure was noticed. Similar 
plates when lubricated with silicone oils and placed under loads 
of only 5 psi could be felt to scratch as though an abrasive were 
present. Slightly higher loads caused deep scratches or even 
sudden seizures, and with loads of 30 to 40 psi, movement of the 
slider almost instantly became an impossibility due to the seizure. 
In spite of such pronounced differences as this, in individual cases 
with most of the combinations of metals, the silicone fluid and the 
N.S. 1047 behaved alike. Thus in Table 4, of every five cases 
where silicones were found to be good, four were also good with 
the petroleum oil. From Tables 5 and 6, of every five cases in 
which silicones were found to be bad or doubtful, petroleum was 
found to give bad or doubtful results in three. 

A qualitative relation can be established between the predic- 
tions from these simple tests and the results of tests with other 
more complex machines such as the journal-bearing machine.” 
In the case of the unilaterally loaded journal-bearing machine, the 
flat plate of these experiments corresponds to the shaft, and the 
slider corresponds to the bearing. Thus the slider (like the 
bearing) will accumulate thermal effects and reaction products 
which, depending upon the oil, may help or hinder lubrication. 
In contrast, each element of surface area of the plate (like the 
journal) will bear the load only periodically, allowing better dis- 
tribution of the heat and chemical products generated. By 
similar considerations it is believed that these results can be 
interpreted for many applications to machinery and mechanisms 
of amore complex nature. F 

In trying to relate these slider-and-plate observations to some 
of the performance characteristics to be expected of more complex 
machines, another factor must be taken into account. The slid- 
ing test does not permit ascertaining the effect of break-in. For 
example, it has been found in the journal-bearing machine that a 
steel shaft rotating in a bronze bearing does very well if, and only 
if, a proper break-in procedure is followed. 

In the Pesco pump runs it was found that bronze bushings 
rubbing against the face of steel gears worked well but developed 
lacquer coatings. This particular combination of metals belongs 
to the doubtful class in Table 6 because a slight sludge was 
noticed. Under careful break-in conditions in a pump or journal 
bearing,’ this initial wear is avoided, a protective lacquer is 
formed, and subsequently the bearing is able to stand higher 
loads than with petroleum oil under similar conditions. Similar 
observations apply to the case of a brass slider upon steel, and 
may apply to other combinations. In agreement with this con- 
clusion, when the slider and plates were coated with silicone lac- 
quer by the method described in the companion paper, reference? 
no difficulties were encountered with seizures or scratching in the 
slider test. 


BEHAVIOR OF SILICONE FLUIDS IN Piston Pumps 


Prior to observing the performance of the silicone fluid in the 
Vickers piston pumps, a 300-hr test run at 1500 psi and 180 F 
sump temperature was made on the petroleum oil AN-VV-O-366b, 
to provide reference data. Observations and a thorough inspec- 
tion were made after 100, 200, and 300 hr of continuous operation, 
and the results are given in Table 7. The wear rates with this 
petroleum fluid were negligible. The general pump condition re- 
mained excellent throughout the test, while the oil remained clear, 
although an appreciable darkening in color was observed. The 
viscosity steadily decreased as usual due to shear breakdown of 
the polymer thickener. The viscosity decrease in the first 5000 
cycies was approximately 24 per cent, and as usual the rate of 
viscosity breakdown rapidly became less after the first 5000 
cycles. 


TABLE 7 PISTON-PUMP Bis eaces PETROLEUM OIL AN-VV-O 


00 hrs. 
1500 


(Sump temperature 180 F) 


Ca a 
Start 100 hrs. [200 hrs. 
est pressure (psi) 


Pressure drop across 
relief valve (psi) 


Flow rate GMM 
Approx. number of 
cycles 


Vise. cs. at 100°F 
Percent visc. change 


Filter type used 
Appearance of oil 


Run Fl 
(Steel 


4 


yeles approximately 4500 
isc. cs. at 100°F 

Start: 71.11 
Finish: 71.28 
Percent change nil 


Purolator 
aircraft 


Purolator 
aircraft 


Pilter type 


Clear, light 
amber 


Appearance after run Cloudy gray| Cloudy gray 


Initial Condition of 100 Hrs. on] New New 
Pump 366B 


The same pump was thoroughly cleaned with solvents and 
operated on the silicone fluid. After 65 hr of continuous opera- 
tion at 1500 psi and 140 F sump temperature, the pump failed 
through seizure. In another trial, using a new pump and a new 
batch of silicone fluid, it failed through fracture of the universal 
link after 80 hr of continuous operation at the same pressure and 
at 100 F sump temperature. In each trial the oil became dark 
with dispersed particles of steel before failure occurred. The 
surfaces of the steel pins and knuckles were so worn where they 
rubbed each other that their diameters changed by apporxi- 
mately one half of the original values, see Fig. 3. Enough gel 
and finely divided metal was created to accumulate in the filters 
and increase the pressure drop across the filter by 87 psi. Pump 
failure was directly due to the excessive wear in these members, 
allowing the piston connecting rods to strike the sides of the 
cylinders, either causing seizure or breaking of the universal link. 

The pump failures in these tests had in each instance been 
caused by the rapid wearing of the steel universal link and steel 
knuckle. This was not surprising in view of the results of the 
slider-and-plate experiments previously described. From that 
study a number of much more suitable metal combinations than 
steel on steel suggested themselves for materials to be used in 
making the link and knuckles. As few would have been available 
soon enough, 80-10-10’ bronze was used instead of the steel 
knuckles. 

Accordingly, a set of four such knuckles was made and in- 
stalled in a new Vickers pump and tested for 50 hr of continuous 
operation at 180 F sump temperature and 1500 psi. At the end 
of this time the system was completely taken down and in- 
spected. No appreciable wear being apparent, the test was con- 


368 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


Fie. 3) Universau Link anp Stee, Knuckurs Arrer 80 Hr OPERATION IN SILICONE Fuurp; Run VPL 


tinued for a total of 650 hr of operation, after which it was com- 
pletely disassembled and inspected. The components of the 
pump were examined carefully. The universal link pins and 
knuckles were not unduly worn and the general condition of the 
pump was considered excellent. The silicone fluid remained 
clear for the entire test and no significant change was observed 
in the viscosity. No gel was evident in the fluid and the filter 
showed freedom from clogging or accumulated slime. However, 
some gel was found collected around the universal link bearings 
as it was in all the silicone tests. As the results of the Vickers 
pump design, these points were exposed to a very small flow of the 
fluid and any gel accumulated there would have little chance of 
circulating through the hydraulic system and collecting in the 
filter. 

Hence the use of steel pins and bronze knuckles improved the 
lubrication characteristics so much as to permit the silicone fluid 
to be a practicable hydraulic fluid in this type of pump. How- 
ever, it has not been established here that steel pins and bronze 
knuckles are the best possible choice of materials. Other com- 
binations of metals deserve consideration by those interested in 
the necessary changes of design required in pumps to be used 
with these new fluids. 


CoNCLUSIONS 


These experiments make evident the need for discrimination in 
the use in lubrication and hydraulics of the dimethyl-silicone- 
polymer fluids. Until a cure is found for the very limited load- 
carrying capacity of the fluid where both loaded sliding surfaces 
are ferrous, the application of the fluid to many types of equip- 
ment now in use will be limited or impractical. Where one or 
both of such loaded sliding surfaces are nonferrous or can be re- 
placed by suitable nonferrous metals, much equipment can be 
adapted to the use of these new fluids. In many cases such 
changes may require considerable and even undesirable redesign. 


The difficulties encountered due to the creeping and leaking 
tendencies of the silicone fluid will be annoying in some equip- 
ment, and the only cure found to date has been in the use of fewer, 
tighter, and more carefully made mechanical joints. A satisfac- 
tory pipe-thread sealant has been found and others probably ex- 
ist. Its use in tight mechanical joints may be necessary where 
vibration is severe. The silicone fluids cannot be used where 
seals are made by metal-to-metal contact without using high 
sealing pressure or a pipe compound, an example of this difficulty 
being certain types of aircraft selector valves which require the 
achievement of a leakproof seal by the use of a steel poppet valve 
against a steel seat. 

The excellent behavior of the silicone fluid in the gear or piston 
pumps when the proper metal is used for bushings or links and 
knuckles demonstrates the promise of these new fluids for applica- 
tions as hydraulic and lubricating fluids. As their peculiarities 
become better understood, their unusually valuable viscometric, 
freezing point, and chemical-stability properties will make their 
adoption increasingly inviting. Therefore, despite the need for 
redesign, packing changes, tight joints, etc., an increasingly wider 
use of these remarkable fluids can be expected. The use of the 
silicone fluid in the composition of the rubber packings instead of 
the usual plasticizer has shown how readily suitable packings 
can be prepared. 

The protective and durable lacquer formed on the bronze 
bushings of the gear pump is quite like that found in slowly 
broken-in journal bearings described elsewhere,’ and no doubt 
they are identical in origin and nature. There was no special 
difficulty with gel formation, for it was significant only after long 
periods of continuous operation at high sump temperatures. 
Even then that difficulty appeared adequately cared for by a 
filter-cartridge change every several hundred hours of continuous 
operation at high pressure. As the temperature of operation of 
the pumps rises above 200 F, no doubt the rate of gel formation 
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will become greater and will necessitate more frequent changes 
of the filter cartridge. 

The results of the simple slider-and-plate tests, although 
merely qualitative, appear useful. The observed peculiarities of 
the silicone fluid in lubricating gear and piston pumps, as well as 
journal bearings,’ are all in agreement with the predictions made 
by judicious use of the results of the slider tests, and in fact were 
used to guide part of the work here described and in the paper on 
journal bearings.’? Except for a relatively few combinations, 
most of the slider-and-plate pairs tried and rated ‘‘good” with 
silicone were also rated ‘good’? with the petroleum oil, and a 
similar parallelism holds with the combinations rated “bad.” 
Also, many of the metal combinations rated ‘‘good” or “‘bad”’ for 
petroleum oil are identical with those experience has shown are 
useful in bearing systems lubricated with petroleum oils. 

The low wear rates found in the gears of the Pesco pumps and 
the freedom from wear where found in the ball-bearing race of the 
Vickers pump are considered highly significant with respect to the 
relation of the behavior of the silicone fluids in rolling and in 
sliding friction. In both examples of rolling friction encountered 
here, steel rolled on steel, the unit loads were high, and yet little 
wear occurred. In contrast, at comparatively very low unit 
loads in the sliding friction of steel on steel, the failure to lubricate 
was remarkable. It is well known that sliding friction is less de- 


sirable in so far as wear rates are concerned than is rolling friction, 
but such a contrast as found here requires special explanation. It 
is suggested that this difference in case of the silicone fluid is due 
to the fact that, although it has ample chemical stability and 
adhesiveness to handle high unit loads directed normally to the 
moving surfaces, it fails under weak loads where sliding occurs as 
a result of the creation of local hot spots on ferrous and a few 
other poor-conducting hard metals, causing oxidative break- 
down leading to gelling, lacquering, and even local cementing or 
welding. 
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Rotary-Pump Theory 


By W. E. WILSON,! WINNETKA, ILL. 


A theory describing the performance of rotary positive- 
displacement pumps and fluid motors in terms of torque 
and delivery is presented. From the equations for these 
two quantities, expressions for power input and power 
output are developed. The concept of torque efficiency as 
a complement to the concept of volumetric efficiency 
is introduced. Equations are developed for the volu- 
metric, torque, and over-all efficiencies. Three operating 
ranges are identified by outstanding characteristics of the 
performance in each case. Performance charts in dimen- 
sionless form are presented and analyzed. Tests on a 
conventional gear pump operated as a fluid motor yield 
data which substantiate the theory in one operating 
range. Additional tests on a cam-type pump give data 
confirming the predictions of the theory concerning the 
performance when pumping oils of high viscosity. Al- 
terations of the physical dimensions of the unit are dis- 
cussed in terms of effect on the performance character- 
istics. The possibility of the design of units with opti- 
mum dimensions is indicated. 


GENERAL THEORY 


HE equations which will be developed apply to a rotary 
Ee Sin ey unit, acting either as a pump or as a 
motor. The unit consists of a rotary element, a stationary 
housing, inlet and outlet passages, and a shaft connected to the 
rotary element. The definite volume of fluid which is trapped 
between the rotary element and the housing is positively forced 
through the unit. Viscous bearing and gear friction as well as 
other mechanical effects will tend to resist motion of the rotor. 
These affect the shaft torque by an amount which will be referred 
to as “torque loss.” Flow through the clearances and seals will 
cause an actual discharge differing from the ideal discharge. 
These secondary flows are referred to collectively as “slip.” A 
loss in delivery of a pump, not properly designated as slip, is 

described. This loss is encountered when 

pumping liquids containing entrained gases, or 
liquids which vaporize readily. 
ee RANGE | 

Three distinct ranges of performance are rec- a 
ognized and defined as follows: 

Range 1. All flow of the fluid in the unit 
in the turbulent range, giving a fluid torque 
resistance proportional to the square of the 
angular speed, and slip proportional to the 
square root of the pressure difference. Slip is 
independent of the viscosity in this case and 
torque loss is nearly constant. 

Range 2. Laminar flow of the fluid through- 
out the unit, giving a viscous torque resistance 
proportional to the first power of the angular 
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SPEED 


DELIVERY-SPEED 
CHARACTERISTIC 


CONSTANT VISCOSITY 


SPEED 


speed and first power of the viscosity, and a slip proportional to 
the first power of the pressure difference and inversely propor- 
tional to the viscosity. 

Range 3. Laminar flow of the fluid throughout the unit. 
Slip is negligible due to high viscosity at low speeds. Slip in- 
creases as the speed increases due to local heating of the fluid, 
which in turn is caused by energy dissipated in the shearing action 
on the viscous liquid. This results in viscous torque loss less 
than that which would arise from fluid of the original viscosity. 
Delivery is also reduced by expansion of entrained gases or vapor 
in the low-pressure region at the pump intake. 

In Fig. 1 are shown the characteristics of performance just 
outlined, in graphical form, in terms of torque and delivery as 
functions of speed of rotation of rotor shaft at constant pressure 
differential and constant viscosity at pump intake. 

In the development of the theory it is assumed that the rotor 
shaft is rigid, clearances within the unit remain constant, and the 
coefficient of friction between unlubricated surfaces is a constant. 


IpEAL Torqus AND DELIVERY 

In Fig. 2 is shown a section through a typical rotary pump. 
Using this sketch for reference, the equations for torque and de- 
livery in general form may be written as follows: 

As the rotor of either a pump or a fluid motor rotates, the 
motion is resisted by a viscous drag which originates in the 
narrow passages between rotor and housing. In addition there 
will be resisting torques such as those which originate in the shaft 
seals which will be nearly constant in magnitude. There are also 
torques resisting the motion which are proportional to the pres- 
sure differential which exists. These torques may originate in 
the seals if the sealing forces are proportional to the pressure 
differential, or in the bearings where the resistance is proportional 
to the bearing load, which in turn depends upon the pressure 
differential. In the case of the pump the pressure differential 
causes a torque opposing the motion, and in the case of the fluid 
motor in the direction of the motion. This torque will be called 
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the ideal torque since it is the torque which would be required to 
drive the pump or would be developed by the motor if the fluid 
were frictionless and there were no mechanical friction causing 
resisting torques. 

The torque 7 required to drive a pump or developed by a fluid 
motor may be expressed in terms of the torques just discussed as 
follows 

Ip RS YA Ro I Si ce Sse Wile aneunbad {la] 


Motor t= _r. She. 


T, TRY. BOK. {1b] 
where 


T; is ideal torque due to pressure differential and physical 
dimensions of unit only ‘ 

T, is resisting torque due to viscous shearing of fluid 

T, is resisting torque, due to mechanical friction, which is 
directly proportional to pressure differential 

T. is resisting torque due to mechanical friction which is con- 
stant 


The delivery of a pump or fluid motor consists of the fluid 
which is trapped due to the geometrical features of the unit and 
bodily transported from the inlet to outlet, less that fluid which 
is returned from the discharge to the intake by the geometrical 
features of the unit, less that fluid which flows from discharge to 
intake by reason of the pressure differential (slip) and, in the case 
of pumped liquids, less the volume of entrained gases or vapor 
which are expanded at the intake and compressed at the discharge 
side of the pump. The ideal delivery is that full quantity which 
is trapped and transported from intake to discharge less that 
quantity which is returned from discharge to intake by virtue of 
the geometry of the unit. 

The delivery of the pump or fluid motor may therefore be 
expressed in general terms as follows 


Pump: Q: = Q; — Q;— Qp.ccescescase [2a] 


Motors (QP =sQnct-/ Ok 7. skid teeter: [2b] 
where 


Q; is ideal delivery of unit due to its geometrical features only 
Q, is slip flow caused by pressure differential 
Q, is delivery loss due to entrained gas or vapor 


The ideal torque and ideal delivery of a unit with zero clearance 
will be distinguished from those of a unit with clearances, 

The ideal torque and ideal delivery of a unit with zero clear- 
ances may be expressed very simply by considering that the pres- 
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sure differential acts upon a rotating surface of area A, which by 
its motion displaces the fluid in a positive manner. 

The ideal torque 7;;’ due to the pressure differential may be 
expressed in terms of a force (p1 — pz) A, which acts at the distance 
r from the axis of rotation thus 


Dt = i); Dai) wba a eee a {3} 
where 


p, is pressure at intake 
p2 is pressure at discharge 
A is projected area of moving surface on radial plane 
r is distance from center of pressure to axis of rotation 


Similarly, the ideal delivery Q;’ may be expressed as the volume 
Arw swept out per unit time by the translation of the area A 
through the distance rw thus 


where 


w is angular speed of rotation of rotor shaft 
A is area previously defined 
r is distance from axis of rotation to centroid of area A 


It is apparent that the quantity Ar is identical in the two ex- 
pressions given, when the pressure is constant over the area A. 
Situations in which the pressure is not constant over the area A 
will not be considered for the present. 

Between the peripheral boundary of the area A and the housing 
lies a small clearance space through which slip flow occurs. The 
area of this opening in a radial plane must be considered in some 
manner in calculating ideal delivery and torque. Definitions to 
provide for this consideration will be given. Expressions for 
rate of flow and fluid-resisting torque will be developed on the 
basis of the assumption that the flow in these small passages is 
approximated sufficiently closely by the flow between infinite 
parallel flat plates. 

. We have defined the ideal delivery as the delivery which would 
represent the full geometrical delivery of the unit. It is apparent 
that the fluid which adheres to the moving boundary of the area A 
in a unit with clearances will result in the transport of fluid 
through the clearance.space. The expression for ideal delivery, 
Q;, may then be written 


— 
Q; = Arw + ar’w 
or 


where 


ar’ is volume of fluid carried along by translation of periphery 
of area A through unit angular distance 
a is equal to (Ar + ar’) 


The quantity a is simply the ideal displacement of the pump or 
fluid motor per unit rotation of the rotor shaft. This quantity 
may be most easily determined experimentally by finding the 
delivery when the pressure differential across the unit is zero. 
Under these circumstances there can be no slip flow. 

One may proceed in a similar manner to write an expression 
for the ideal torque 7’; of a unit with clearance, and for sake of 
brevity we shall write immediately the expression 


Test piso ia) 0. hs oche re (6) 


where all terms have been defined previously. 

The use of the quantity a in the expression for torque as well as 
delivery may be justified quite rigorously for the case of the ideal 
pump or fluid motor in a rather simple manner. The mechanical 
power input to the pump or output of the motor is simply the 
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product of the torque and angular speed, and the hydraulic power 
output of the pump or input to the motor is the product of de- 
livery and pressure differential. In an ideal unit the input and 
output must necessarily be equal. For the case of the ideal unit 
one may then write 


Tw = QAp 
which in the nomenclature used previously is 


(pi — p2o)aw = aw(p, — pr) 


This is obviously an identity as it should be if the quantity a may 
properly be used in this case. The justification for the use of a 
in the general case is beyond the scope of the present treatment; 
however, the case of laminar flow will be considered in detail 
since the mathematical development is relatively simple. 


Sure AND ToRQUE Loss 


Consider now the flow through a clearance space of the dimen- 
sions shown in Fig. 3(a). The lower plate moves at the speed 
U = rw, where r is the distance from the plate to the axis of 
rotation. The flow AQ, through the opening is due to both pres- 
sure drop and shear transport of the fluid and is assumed to be in 
the laminar range. 

Referring to Fig. 3(b), we consider an element of the fluid at the 
distance y from the fixed plate, and of the dimensions dz, dy, b. 
The forces acting on this element are the pressure forces (p + 
dp) b dy acting to the right and p b dy to the left, the shear forces 
7 b dz acting to the left and (7 + dr) bdxto the right. Assuming 
steady flow, the acceleration of the element is zero, hence the 
equation of equilibrium is 


[(p + dp) — p ]b dy + [(r + dr) — r] bdz = 0 


which reduces to 


Since the flow is between parallel plates the pressure gradient 
dp/dz will be constant. We may therefore integrate the equa- 
tion just given and obtain 

dp 
Orr, dx ae 
Newton’s viscosity law may now be introduced to relate the shear 
stress to the velocity gradient 


4 


Width of possoge, perpendicular 
to sketch, b. 


(a) 
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Substitution of this expression for 7 yields the differential equation 


du dp 
dy "dx 


This may be integrated to yield 


dp y2 
yu = rey — 2 E+, 


The boundary conditions are 
aty = 0, wu=0 


aty=c, u=rTw 


It follows therefore that 


and 


The velocity u at any distance y from the fixed plate is then 


2 
v= yi ele_y 
c ndz 2 Z 


The total quantity of fluid flowing AQ, is given by 
AQ, = fo urd-dy 


c 
rey . ldp| yc | 
AQ) = = ap = SS a bd 
a Lele eae 2 J 


and after integration 


roc dp c8 
A =}]— SS 
a [ ee =| : 


and upon substituting for dp/dz as follows 


or 


dp = Pi — P2 
o dx l 
we have finally 
rac (pi — pe2)c3 
A = 1 —— ee em HO ala biyaraiatedel ete 
a | Rt A ADat ] (7) 


The unit force r due to viscous friction which retards the moving 
plate is given by the value of the shear stress at y = ¢ 


y 
PL 
Ox: 
Ptep+ dy ——/ 
_—__ 
Ttor 


(b) 


Fig. 3 
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(pi — p2) © arate 


l 2 c 


if, t= 


Since the total force F on the moving plate is 
F = 7lb 


there results a torque AT acting on the rotary element of the unit 


(pi — p2) € Mre 
=— = lb 
AT; | 1 9 ze iP 


There may be several passages through which the fluid will 
leak, hence it is necessary to consider the total effect on both 
torque and delivery. The fact that the torque AT) and flow AQ; 
are linear functions of the pressure difference and angular speed 
of the shaft permits the equations for net delivery and net torque 
to be written in the following form 


Q = 9,’ + 201 
T = T,;'—2 rT, 
which upon substitution for 2Q; and 27; yield 
rec (pi — pz)c® 
= ao ty SS || 
Q Arw + = [ 9 + [Dal ] 
T = (pa — yar +2 | = PDs me | lbr 
soe reg Si(laGh jane Fe Vibes 
These may be rewritten in the forms 
reb (pi — p2)e%b 
= A 2 oe eee ee tt SOE C 9 
2 o | ar | 12yl 19] 
crb lbr? 
T = (pi — po) (4 ap 2, =) = = ame [10] 


It is apparent that the quantity 


rcb 
E + 2 | 


rcb ; ; 
is the factor w, and 2 S is the quantity ar’ previously defined. 


Also in accordance with previous definitions, the delivery loss 
due to pressure differential is the slip. It follows therefore that 
the slip AQ, for a single passage is given by 


(pi — po)c%b 
A fae eae 
Q. 12 
and the torque loss AT’; by 
lbr? 
ij eee 


Now since in any specific unit (pump or motor) the clearance c, 
length of path J, width of passage b, and radius to the passage r 
are different for the various elements of the passages surrounding 
the rotating element, the expressions for the total torque loss 7’, 
and total slip Q, must be written in a more general form. This is 
done as follows 


Ona art eee eee {11] 
be 
U (fa MEmnny TN egeae Racin oh eae Bios bd [12] 
where 
Oia i Viren 121 
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It is readily shown that both k and 6 have the dimensions 
length to the third power and may be expressed thus 


_ 32 
al 
Ibr? 
yee nee 
c 


In order to simplify the equations and without materially de- 
creasing their significance, the torque loss 7’, will be considered to 
include that loss in torque which is due to entrance and exit losses 
since in the case of laminar flow, these will be nearly proportional 
to the product of viscosity and angular speed. 

Detailed equations for torque, delivery, power input, power 
output and efficiencies will now be developed for the three per- 
formance ranges defined previously. : 


TorQueE AND DELIVERY RANGE 1 


In this range of performance the slip is proportional to the 
square root of the pressure differential and practically inde- 
pendent of the viscosity. The torque losses are principally 
mechanical in nature, although the fluid resistance will vary with 
the square of the speed of rotation and will be practically inde- 
pendent of the viscosity of the fluid. The expressions for torque 
and delivery may now be written, taking into consideration the 
nature of the slip and resisting torques, thus 


Pump: T = epa + kpw*R? + T,.......... [13] 
es: 

Q= w— fa, fated, Oe athe [14] 

Motor: JT = epa — kpw*R? —T,.......... {15] 

Q = aw + . \' eRe. [16] 


where 


T is torque input or output, ft-lb 
pis pressure difference, psf 
Tis torque due to mechanical friction independent of pressure, 
ft-lb 
ais ideal displacement, cu ft per radian 
kis a coefficient with dimensions, cu ft 
wis viscosity of fluid, slugs per ft-sec 
w is angular speed of shaft, radian per sec 
Q is delivery, cfs 
Bis a coefficient with dimensions, cu ft 
p is density of fluid, slugs per cu ft 
Q_, is loss in delivery in cu ft per sec due to vaporization of 
liquid, or liberation of entrained gas at intake 
R is a characteristic radius of the unit, ft 
eis given by the following expression using positive sign for 
pump and negative sign for motor: ° 


epa = pa + T 
or 


pede tle 


ap 


T, is mechanical friction torque which is proportional to pres- 
sure differential 
Now since 7; is proportional to the pressure differential p, one 
may write 


T, = mp 
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and it follows that 


which is a constant for any one pump or motor. 


. ToRQUE AND DELIVERY RANGES 2 AND 3 


In a similar manner expressions for torque and delivery for 
both pump and motor in performance ranges 2 and 3 may now be 
written, using the nomenclature employed previously, as follows 


Rump te—vepart Kae) t= Tee a ccla ce ester « (17] 
Oma =, BSC K te ehe [18] 

7 
Motor: F = epa — kpw — Ty... ce cece esenes [19] 
ihe oa Oe [20] 

7 


The distinction between range 2 and range 3 comes in the 
variation of the viscosity with speed in range 3, and the difference 
in order of magnitude of the last two terms in the equation for 
pump delivery. In range 2 the torque shows a straight-line 
variation with speed, due to the constancy of the viscosity. Also 
in range 2 the delivery loss Q, is negligible. In range 3 the 
torque does not change as rapidly with speed as would be indicated 
by a constant value of the viscosity, and the slip is either negli- 
gible compared with Q, or shows an increase with the speed 
corresponding to the decrease in viscosity which is characteristic 
of this situation: 


PowER 


Equations for power output and power input may be written 
on the basis of the fundamental expressions 


Pump: Power output = Py = Qp 
Powerinput = P; = Tw 
Motor: Power output = Pp = Tw 


. Powerinput = P; = Qp 


Substitution of the previously given éxpressions for torque and 
delivery yields the following equations 


Rance 1 
Pump: Py = pw 1 = oven _ Ou) wae [21] 
Raw Qa) 
kw? R? Ab 
Py = paw e+ = pT i hee: [22] 
pa pa 
kw*R?, ly 
Motor: Po = paw E 22 ee 2] ec ELORIO [23] 
pe pa 
Pla pee E Ee rw be) A SRL ge Tt [24] 
oR 
RANGES 2 AND 3 
Pump: Po = paw E Baers S Morena rast che [25] 
paw aw 


=a] 
ll 
3 
g 
§ 
eran! 
a 
+ 
+ 
es 
£S) 
& 
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k T 
Motor: Po) = paw [«- = ee | eee [27] 
pa pa 
P; = paw E + | He cn nein Spa ecs [28] 
paw 


EFFICIENCY 


In the case of a motor, the ratio of the actual torque to the 
theoretical torque may be termed the torque efficiency #7; and 
the ratio of the theoretical delivery to the actual delivery may be 
termed the volumetric efficiency HZ,. The reciprocals of these 
quantities are the corresponding efficiencies for the pump. 
These may be written as follows 


RANGE 1 
pa 1 
12 : £p == = ——__......... 
ae ae ee Bi eRe oT: [29] 
ef = Fp 
a Pp pe 
B, Q ; BVp/o QQ [30] 
aw a oR aw 
T tee ©. 
Motoe) (Bp = = ee ee [31] 
pa a p pa 
aw u 
Bi, Rae . [32] 
Q 1 6B V/ p/p 
+ - 
a oR 
RANGES 2 AND 3 
- pa 
P SIS SS SS re eonatod 
DPD ok Reg Rua =r [33] 
Cite tee “ate ae 
Aap pa 
ARP FG lee al pall [34] 
aw a pw aw 
T k T 
Nie tee 22 ee ee ee 
pa ap pa 
reese [36] 
oete ee 
a pw 


It is convenient to make the following simplification in nomen- 
clature 


Let 
pw*h2 
Qi = 
Pp 
in range 1, and , 
é 

ra) 

$= — 

P 


in ranges 2 and 3. 
The over-all efficiency / is now defined as the power output of 
the unit divided by the power input; thus 


The expressions for this over-all efficiency may be written as 
follows, provided we substitute in each case the appeonyiate term 
¢ or ¢; for the parameters cited previously 
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Rance 1 
he e 
Pump: HL = SRNAVIED 9 Ace sR [37] 
kon Ly. 
e+ — 
a pa 
ko, fh 
jepldg SBR, EG 
Motor: # = = Lega ye VE [88] 
Se 2 
av di 
RanGeEs 2 AND 3 
fea! 
[e4 aw 
Pump: £ = me qe eae eee [39] 
Ese 
a pa 
ko pe 
Pit mat 
Motor: #H = = 3 Po AT ee [40] 
OS 
ad 


It is pertinent to note that significant simplification of the 
equations for range 2 may be effected by noting the relative order 
of magnitude of the terms involved in the various equations just 
given. When operating in this range at fairly high pressures, 
7 

e.g., over 300 psi, the term — is frequently found to be negligible 
pa ‘ 

in comparison with k¢/a and e. Also by definition, the term 


Q,/(aw) is small in this range compared with B/(a¢). The 
simplified equations in range 2 then reduce to 
B . 
Bump tae ol teeta era ne aculeniecet {41] 
ap 
1 
lp SY == ps 00c a ecayeg stersisde tees 
ip kb [42] 
e+ — 
a 
juste 
E = a reg AOE Pe [43] 
GaSe = 
a 
1 
Motor: #, = be a eee [44] 
{ete 
ap = 
k ~ 
Er conn Se ie C1) 94) 6) 60 telleus ole te o/se-aie)sh.« [45] 
a 
ko 
eee 
E = 3 Ree Oe ais BO [46] 
1+ — 
ap 


It is immediately apparent that under these circumstances the 
performance of the pump or fluid motor may be expressed in 
terms of dimensionless ratios descriptive of the geometry of the 
unit, namely, k/a and B/a; and the dimensionless parameter 
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expressed as ¢ = = which describes the conditions of operation. 
Pp 


Consideration of the equation for over-all efficiency # in this 
case leads to the immediate conclusion that there is a particular 
value of ¢ which corresponds to the maximum efficiency of the 
unit. The value of ¢@ which corresponds to the maximum 
efficiency may readily be obtained by maximizing the equations 


for over-all efficiency, considering ¢ as the only variable. The 
resulting values of ¢ are given by 
2 
Pipa rae E ate =| ay Ne [47] 
a Bk 


Motor: 


seal ae \ ea? 
o =£| 1+ ye | te 


where ¢,, is the value of ¢ corresponding to Emax. 
The corresponding values of Hmax are 

1 

all +20 +2-V00 +6) 


Motor: E, = «|1+20—2/e +)]-..... [50] 


RUG) ee le [49] 


where 


These expressions for efficiency are shown graphically in Fig. 4 


100 
THEORETICAL EFFICIENCY 
OF PUMP AND MOTOR 
& 80 €=1 
UMe2 335 ———————= 
| 7 2Ve(\+e)+26+I 
$4 
= a MOTOR Epm=1+20-2y/(1+8)0 
Ww 
e) 
uw 
w 
Ww 
= 40 
=) 
=: 
x 
$ 
20 
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for the case of 4 = e = 1. It is readily shown that motor and 
pump efficiencies are identical in this case. It is immediately 
apparent that the maximum efficiency is a function of @ and e 
only, and that these in turn are determined by the geometry of 
the unit only. 

Since the concept of torque efficiency is somewhat unfamiliar, it 
is well to point out the relationship which exists between the 
volumetric efficiency Z,, the torque efficiency Hy, and the over-all 
efficiency #. By definition the following expressions may be 
written for a pump 


Q 
E, = =~ 
Q: 
eee 
eres 
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The product of #, and E7 may then be obtained thus 


ay 
- 


Substituting the following quantities for ideal torque and ideal 
delivery 


E,Ey 


we obtain 


Qp 
EE = — 
vit Te 


from which it may be concluded that the product of the volu- 
metric efficiency and the torque efficiency is equal to the over-all 
efficiency. A check of the equations given previously for the 
various cases reveals that they are in agreement with this general 
conclusion, and a similar demonstration may be made for the case 
of a motor. 


Locau Heatine or Liquip 


It has been pointed out that the reduction in viscosity by the 
heating developed in the shearing action on the fluid in the narrow 
passage between rotor and housing is a most important feature 
of the performance in range 3 (44).2_ An equation describing the 
important characteristics of this phenomenon will be derived. 

The narrow passage, shown schematically in Fig. 3(a), will be 
used as the basis of this development. The work done on the 
fluid which flows through the passage is equal to the product of 
the force exerted by the moving plate on the fluid and the speed 
at which the plate moves. It will be assumed that this energy 
which is supplied to the fluid is dissipated entirely in raising the 
temperature of the fluid. The following expressions for work 
done and heat absorbed may be written 


Work done on fluid = [. Es oe a 
c 


Heat absorbed by fluid = ¢,QwAT 


where 


c, is heat required to raise temperature of 1 lb of liquid 1 deg F 
w is weight of 1 cu ft of liquid 
AT is rise of temperature in deg F of liquid in distance / 
wis coefficient of viscosity of liquid in slugs per ft-see 
Q is rate of flow of liquid through narrow opening relative to 
moving plate, cfs 


All other terms have been defined previously or are defined in 
Fig. 3(a). 

Equating these rates of energy supply and absorption, assuming 
no heat loss to the surroundings, introducing the mechanical 
equivalent of heat J and the value of Q from Equation [7], we 
have 


(pi — pa)e } [= (pi — pa)e 
NE yi Utes |e een 
reac Dag i eae ae 


Suitable algebraic manipulations lead to the following expres- 
sion for the temperature rise 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


l 1 
AD tera to a 
c,ctwT 1 srapl 


4 2c?(pi —— P2) 


It is readily determined that the expression contained within 
the brackets must have a value between 2 and 6. For purposes 
of simplification it is assumed that a constant value of 4 for the 
quantity within the bracket will yield results sufficiently reliable 
for practical use. 

While it is necessary to calculate the temperature rise in the 
slip passage, it is further required that the change in viscosity be 
determined. For purposes of calculation the viscosity u of the 
liquid is approximated by the expression 


where 
po is viscosity at T = 0 
y is a constant for any particular liquid 
e is base of natural logarithms 


Considering now the change d7 in the temperature along a 
length dz of the passage, we may rewrite Equation [51] upon 
using the value 4 for the bracket thus 

dT 4rw 


SN Te 
moe 7 cweed 


This may be integrated to yield 


where 


c,werd 
4yrw 


and z is the distance along the passage to the point at which the 
viscosity is 4. The quantity mis the viscosity at entrance to the 
pump or motor. 

The average value of the viscosity in the passage is of particular 


significance. Denoting this average value by pavg, it may be 
calculated as follows 
Define 
r 
fh pdx 
LoS ame a 5 
then 


1 a Buy d 
Wei. 5 wi 
an l ome +B 


Integration and simplification yield 


B pal 
= T loge E + 1] Tarn, rorereitie) ctateke [54] 


This may be put into a more significant form by dividing both 
sides of the equation by s: the initial viscosity of the liquid 


Have B pul ] 
9 SS Nes || = sel 
Pa! pul : E 


Have 


which may be rewritten in the following form 


4yroluy 
~ A RC SSG oe 
Oe : ower SF | [55] 


The variation of wavg with angular speed w with constant pres- 
sure differential is particularly significant. When the angular 


Mavg C,WCE ay 


My 4yrolur 
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speed is zero the ratio nue reduces to the form 0/0 which may be 
1 


shown mathematically to have the value 1, as would be expected 
from purely physical considerations. As the angular speed in- 
creases the ratio “£ approaches zero. The viscous torque may 


My 
be expressed in terms of the reduced viscosity pavg 


Do eS) 


and upon substituting the expression for avg 


4yrlopy 
: iba|| nae sa 3 56 
ee E wert - | [56] 


8 


T, = ke,werd 
4yrl 


which shows a continually increasing value of the torque 7’, as the 
speed increases. However, 7’, will, under these circumstances, 
always be less than kyiw, the torque which would be encountered 
if the viscosity remained at its initial value jy. 

A detailed analysis of the problem of the effect of the reduction 
in pressure in the neighborhood of a pump inlet on delivery has 
been given by Pigott (42, 44), for the case of volatile low- 
viscosity liquids. The effect of viscous resistance in reducing 
inlet side pressures and thereby causing loss in delivery due to 
the expansion of entrained air, may be analyzed in the elementary 
manner to be discussed. 


VISCOSITY AND ENTRAINED GASES 


When pumping extremely viscous liquids the resistance to 
flow causes excessive reductions in pressure in the intake passages. 
Entrained gas will expand in low-pressure regions in the neighbor- 
hood of the inlet and fill to a greater or lesser extent the volume 
intended for the transport of liquid from the intake to the dis- 
charge of the pump. When this gas reaches the discharge side 
of the pump its volume is reduced due to the high pressure en- 
countered (39, 42, 44, 45). 

The volume of entrained gas per unit volume of liquid is V,, at 
the inlet pressure p;, and this volume increases to V,’, due to the 
reduction in pressure as the liquid enters the trapping space in the 
pump. Then the expanded gas and sufficient oil to fill the dis- 
placement volume of the pump are transported to the high-pres- 
sure side of the pump where the volume of the gas is reduced to 
V,". If the flow in the intake passages and adjacent to the rotor 
is considered to be as indicated in Fig. 5, and the flow is treated as 


Fie. 5 
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laminar flow between parallel flat plates, one may state that to fill 
the space behind the advancing vane a quantity of liquid bdrw 
must be drawn into the space per unit time. Now making use of 
Equation [7] which describes the flow between parallel flat 
plates, and setting the rate of flow equal to bdrw we have 


roth (p: — p)d’ 
bdrw = 
se | Mea aOR: | : 


This may be solved for the pressure p and yields 


where 


p is pressure at any point within inlet passage, psf 

x is distance in feet from intake to point at which pis measured 
r is radial distance in feet to point at which p is measured 

d is radial distance in feet from rotor to housing 


Equation [57] may be put in dimensionless form 


pi iP pr 
The loss in delivery will be caused by the expansion of the en- 
trained gas of volume V,. Assuming this expansion takes place 
isothermally, we have 
Vee 
Vie Pi 
where 
V, is volume of entrained gas at intake pressure p; per unit 
volume of liquid 


VY,’ is expanded volume of entrained air at pressure p per unit 
volume of liquid 


As the liquid and gas progress to the region of high pressure a 
reduction in volume of the gas to V,” is accomplished. Assuming 
isothermal compression, we may write 


V, ” = Dr 
Ve P2 


where pz is the pressure at the discharge of the pump. The loss 
in volume Vz, per unit volume of liquid due to expansion of the gas 
is simply the difference between V,’ and V,”. Expressing this as 
an equation, we have 


V 4 
We as We Pox! ae = gP1 oP1 
Pp P2 
and upon substituting for p,/p there results 
1 
Va Ve Ph lesen bien [59] 
6rz yo po 


The quantity V, represents, therefore, the proportion of the 
displacement which is lost at a point located x feet from the inlet 
due to expansion of entrained gas. The quantity V, is simply the 
ratio of the volume of entrained gas to the volume of liquid at 
intake pressure. 

It will be noted that the loss in displacement Vz is associated 
with the distance x. In order to obtain the total loss in displace- 
ment it is necessary to sum up the losses Vz, at each point x, over 
the entire region involved. 

Although this equation is based on gross oversimplifications ~ 
it indicates the nature of the variables which describe the phe- 
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nomenon, and it is evident that greater refinements will lead to 


3 aes Ko Pi . 
expressions containing the same parameters — and — and differ- 
Pr p2 


ing only in algebraic form. Summation of the losses in displace- 
ment will again change only the form of the expression and not 
the quantities involved. Use will be made of this observation in 
analyzing experimental data. 


EXPERIMENTAL Data ror Hyprautic Motor 


Data obtained in the test of a conventional gear pump operat- 
ing as a hydraulic motor are presented in dimensionless form in 
Figs. 6, 7, 8, and 9. The tests were performed on a pump with a 
theoretical displacement of 0.283 gal per 100 revolutions. Oils 
with viscosities ranging from 200 SSU to 6000 SSU were used. 
Pressures ranged from 180 psi to 600 psi. The speed, torque out- 
put, capacity, temperature of oil and pressure differences were 
observed and the viscosity of the oil determined at various 
temperatures. 

In Fig. 6 the torque efficiency is shown as a function of the 


: ; ue) ‘ @ 
dimensionless parameter —. In Fig. 7 the reciprocal of the 
Pp . 
volumetric efficiency is shown as a function of the dimensionless 


In Fig. 8 the reciprocal of the volumetric 


Mw 
parameter —. 
P 
. ; 3 ‘ Mw vate 

efficiency is again shown as a function of —, but the abscissa is 
: : pw \~? : ; : 

in this case{ —} . In Fig. 9 the over-all efficiency is shown 

Pp 


as a function of Mm The quantities 6 and k are evaluated, 
Pp 


assuming the quantity 7; to be negligible, from the data shown in 
Figs. 6, 7, 8, and 9. The solid line in Fig. 9 is computed on the 
basis of these values. 


379 


In Figs. 11 and 12 are shown the plottings of experimental data 
on the performance of a cam-type rotary pump operating in range 
3. The plotting in Fig. 11 of torque input as a function of speed 
is with constant pressure differential and approximately constant 
viscosity at intake. In Fig. 12 is shown a plotting of loss in de- 


F : . Mo ; 
livery as a function of the parameter —, where w is the speed of 
Pi 


rotation of the shaft, for the same pump operating with a wide 
range of intake pressures and viscosity. 


Evaluation or THrory AND Data 


The data may be considered to provide a striking confirmation 
of the predictions of the theory concerning the performance 
characteristics of a conventional gear pump operating as a motor 
in performance range 2 and of the effect of high viscosity on a 


pump operating in range 3. The dimensionless plotting of the 


: ; Ho Se 
torque efficiency as a function of the parameter —, shown in Fig. 
p 


6, is characterized by a close grouping of the points about a 
straight line as predicted by theory. The deviation of a small 
number of points representing runs at the lowest pressure used, 
namely, 180 psi, indicating as they do a considerable magnitude of 
the factor 7',/(pa), might well provide material for an interesting 
study of the pump mechanism. The volumetric efficiency 
plotted in reciprocal form in Fig. 8, shows an excellent approach 
to the straight line predicted by the theory. In Fig. 9 points 
representing data on the over-all efficiency show excellent agree- . 
ment with the curve: calculated from the values of 8, k, and e«, 
which were evaluated by means of the previous plottings. 

As predicted by Equation [48], the maximum efficiency occurs 


Od ~ 8 . 
very close to = = 69 x 10-7. The peak efficiency with a few ex- 


ceptions lies in the range 58 to 67 per cent compared with the 
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theoretical maximum of 63.4 per cent, computed by means of 
Equation [50]. 

The use of the dimensionless performance curves in evaluating a 
particular design may now be studied in some detail. In Fig. 10 
are illustrated the particular features of these plottings which 
make them extremely powerful tools in analyzing performance 
and planning improvements. For simplicity and ease of com- 
parison with the experimental data, the case of a hydraulic motor 
is considered. : 

In Fig. 10(a) is shown a graphical representation of the dis- 
charge characteristics of the unit on the basis of Equation [36] 
which may be inverted for this purpose 


Be Ph PNe: 


aw a pw 


This plots as a straight line on rectangular co-ordinate paper, with 


ns as ordinate and £ as abscissa. The intercept on the vertical 
aw) _ pw 


Ri Pp : A 4 5 P 
axis at — = 0 is necessarily unity, since — = 0 corresponds to 
ie) re) 
either zero pressure difference, infinite speed, or infinite viscosity, 


each of which obviously necessitates zero slip or 2 = 1. The 


aw 
slope of the curve is g , a physical characteristic of the unit which 
a 


is a dimensionless ratio. This ratio would be given, if all slip 
passages corresponded to the idealized case in Fig. 3(a), by the 
quantity 


B c8b ce 
—-=2 = > — 
a 12lerb 12lr 
where r is the distance from the moving plate to the axis of rota- 
tion. In the case of an actual unit this factor E will depend, as 
a 


indicated, upon the clearances, lengths of flow paths, and dis- 
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tances to the axis of rotation, for all the passages through which 


leaks take place. 
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Similarly in the plotting of torque efficiency — versus 
pa 


Hor ; teen: : ee : 
vr a straight line is expected, since the simplified expression ob- 


tained from Equation [35] for torque efficiency is 
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Deviations of the actual performance from that indicated by 
the theory will occur if the clearances or alignment of the parts of 
the unit change, or if the nature of the flow in the unit is differ- 
ent from that assumed, e.g., turbulent rather than laminar. Such 
changes in clearances and alignment may be caused by pressure 
increase or decrease or by centrifugal effects due to speed changes. 

If in a test the viscosity and pressure difference are held con- 
stant at certain values during successive series of runs, one would 
expect the data to plot as series of points forming straight lines 
on both types of plottings, shown in Fig. 10. Deviations from 
the theoretical form of the plots may be of the nature to be 
indicated and have the significance stated. 

If the plotted data give points forming straight lines but the 
slopes vary from series to series this variation in slope must be 
caused by changes in the geometrical features of the unit by the 
pressure, since the viscosity was held constant. 

If the curves are not straight lines the reason may be either 
that the flow is not in the assumed regime, e.g., it is assumed 
laminar but actually proves to be turbulent, or the geometrical 
features of the unit change with speed due to centrifugal effects. 

If the plottings are parallel straight lines but the intercepts 
vary from series to series, the cause must be sought in changes in 
geometry due to pressure resulting in a change in mechanical 
friction. 


The significance of the parameter H® is of note. Since the maxi- 
P 


5 Mw 
mum efficiency occurs at a specific value of the parameter —, 
P 


it is obvious that this maximum may be attained with vari- 
ous combinations of w, w, and p. For example, use of an oil of 
great viscosity will result in maximum efficiency at very low speed 
for a given pressure difference. The corresponding speed at a 
high pressure difference will be proportionately greater. Use of 
an oil of low viscosity will result in maximum efficiency at 
higher speeds for the same pressure difference. 

A general characteristic of hydraulic units operating with 
laminar flow is apparent from Equations [49] and [50] in that 
efficiency of the unit operated as a pump will always be the same 
as the efficiency of the unit operated as a motor, ife = 1. The 
difference in efficiency in the two cases will never be very great 
unless the mechanical friction is greatly different in the two cases. 

Specific details of the experimental data will be analyzed, keep- 
ing in mind the general principles previously set forth. 

The plotting of the data in Fig. 6 makes possible a determina- 
tion of the coefficient k since (- *) is the slope of the straight 
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line which is taken as a fair representation of the trend of the data. 
Deviations from the straight line may be due to at least two 
specific causes, as follows: 

1 Local heating of the oil due to energy dissipation causes a 
local viscosity far different from that measured at the discharge of 
the unit, thus placing operation in range 3 rather than in range 2 
as assumed. 

2 Variations in orientation and clearances of the elements of 
the unit and their lubrication during the runs cause changes in 
both the mechanical friction and the viscous resistance. 


The value of ¢ is given by thevalue of Hy at = st0) ‘The plot- 
P 


ting of Fig. 7 shows an asymptotic approach of ch to the value 
aw 


unity as increases as would be expected from the theory. Fig. 8 
gives the necessary information to evaluate 6 since the slope 
of the solid line is B 

a 

The interpretation of the factor ¢ is important since it repre- 
sents a major element in the design of hydraulic units. The value 
of « appears to be essentially a constant for much of the data and 
its nature as a factor, analogous to a coefficient of kinetic friction 
describing mechanical friction, appears to be confirmed since the 
coefficient of kinetic friction is practically independent of speed, 
pressure, and viscosity. Certain deviations from the expected 
are evident in the data, especially for runs at 180 psi, which might 
be interpreted as a change in « but may better be explained on the 
basis of the neglected term of Equation [35]. The experiment- 
ally determined value of 0.80 for ¢ indicates a 20 per cent loss 
through mechanical friction in this particular pump. A con- 
siderable improvement in performance might be effected by a 
suitable change in design. — 

It is also pertinent to point out that Equation [50] indicates an 
efficiency, which might well be termed the hydraulic efficiency, of 
better than 78 per cent, if « = 1, for all values of @ less than 
approximately 0.02. It is clear from a consideration of the ele- 
ments of the pump geometry that a value of @ in excess of 0.02 
is a practical impossibility in even a poorly conceived design. 
The value of 6 for the pump studied was approximately 0.013, 
which corresponds to an efficiency of approximately 79 per cent. 

A study of the equations developed reveals the effect of changes 
in the physical dimensions of the unit which might be made to 
alter the performance characteristics by changing either clear- 
ance or displacement or both. 

It is apparent that an increase in clearance results in 
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1 Decrease in k. 
2 Increase in 8. 


An increase in a results in 


1 Increase in torque. 
2 Increase in capacity. 


However, it is pertinent to point out that a detailed analysis of 
the performance of a rotary pump as influenced by its geometrical 
features reveals that for any given value of rotor length and rotor 
diameter there is an optimum value for the clearance for best per- 
formance in range 2. It may be shown also that the performance, 
solely from a hydraulic standpoint, improves as the ratio of rotor 
length to rotor diameter is increased. There is of course an 
obvious limitation on this increase imposed by shaft deflection. 

The data for pump performance in range 3 reveals a number of 
interesting features. The plotting of torque as a function of 
speed shows the characteristic decrease in slope of the curve as 
the speed increases. The solid lines indicating the torque which 
would be expected for the given intake viscosity, if there were no 
local heating, were obtained from experiments at lower viscosi- 
ties. The solid curved line for the case of initial viscosity of 2800 
SSU was calculated to pass through one of the experimentally 


; ; : B ‘ 
determined points thus evaluating the constant 7 of Equation 


[54] for the pump. The curved solid line for the initial viscosity 
of 14,000 SSU was then calculated using the same constant. . It 
is apparent that the agreement with the experimental data is as 
good as could be expected considering the approximate nature of 
the theory and the oversimplification involved in it. 


. . . wo 
The relationship between loss in delivery and the parameter a 


1 
is particularly interesting when it is realized that the plotted 
points represent a wide variation in viscosity, speed, and intake 
pressure. The effect of discharge pressure has been neglected in 
the plotting, hence one may expect that the scattering of points 
may well be due to some extent to this neglected factor. 

A detailed analysis of pump-intake geometry should lead to 
useful equations predicting the effect on performance in so far as 
lost delivery with high viscosity is concerned. 


CoNCLUSIONS 


On the basis of the experimental data the following conclusions 
may be derived: 


1 Predictions of the theory are borne out. 

2 Experimental data may be presented in a compact dimen- 
sionless form. 

3 Losses in efficiency may be traced readily and the causes 
determined. : 

‘4 Hydraulic and mechanical factors in performance are 
shown in proper perspective and may be analyzed separately. 

5 Performance of units with fluids giving flows in the turbu- 
lent range may be expected to be subject to effective study by 
means of this theory and method of analysis of data. 
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Air-Gas Ratio Control Applied to 


Nonatmospheric-Pressure Furnaces 


By H. C. McRAE,! CLEVELAND, OHIO 


For reasons of economy and efficiency, in the burning of 
fuel gases in industrial furnaces it is essential to maintain 
the air-gas ratio at approximately the correct point for per- 
fect combustion. Furthermore it is important to control 
the ratio of air flow to gas flow because of the effect of 
burned gases or atmosphere upon material being heat- 
treated. The author discusses in detail the various con- 
trol processes available, the equipment developed for the 
purpose, and analyzes the several control circuits, basing 
the wofk on the laws of low-pressure gas flow or noncom- 
pressible flow. 


INTRODUCTION 


N the process of burning fuel gases in the combustion cham- 
| ber of an industrial furnace, usually the approximate amount 
of air required for perfect combustion is introduced along 
with the gas in some form or another. For the purpose of fuel 
economy alone, at elevated temperatures, the air-gas ratio must 
be held close to the proper amount. Aside from this reason, it is 
important to control the ratio of air flow to gas flow because of the 
effect of the burned gases or atmosphere upon the material being 
heat-treated. Sometimes the reaction produced by a small 
amount of excess air is desirable, while in other applications a de- 
ficiency of air may produce the desired result. Of course the air 
may be introduced as primary air, that is, air which is mixed with 
the gas before reaching the combustion chamber, or as secondary 
air which mixes with the gas as it is burning. “Free” air from 
the atmosphere is often used for a source of secondary air. In 
this case the air enters directly through ports in the furnace wall 
because of furnace draft, or this air may be induced by the mo- 
mentum of the mixture of primary air and gas through a burner 
port which is discharging into an opening in the furnace wall. 
The quantity of free secondary air is difficult to control because it 
is so easily affected by small changes in furnace pressure and 
therefore that application is excluded from this discussion. 

For manual or automatic control of temperature a variable 
heat input is required. In batch-type furnaces a high heat input 
is used to heat up a cold furnace or to heat up a cold load. As the 
desired temperature is reached the heat input is decreased until 
it just balances the losses of heat through the furnace wall and 
out of the flue. In continuous furnaces a variable heat input is 
used to maintain a variable loading at a constant temperature. 
Variable heat flow means variable gas- and air-flow rates. Main- 
tenance of the correct air-gas ratio with variable demand of heat 
flow and with variable furnace-pressure conditions, then, is the 
subject under discussion. 

The amount of air required for perfect combustion of natural 
gases is approximately 10 parts to 1 of gas and for manufac- 
tured gases is about 5 parts to 1 of gas. These two gases are the 
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ones most commonly used, although there are others which require 
more air and some which require less air. Air is therefore con- 
sidered to be the principal fluid because of its greater quantity. 
This means that the energy required for the mixing process and 
delivery of the mixture to the furnace can best be obtained from 
the air stream rather than from the gas stream. Another reason 
for considering the air to be the principal fluid is that it may be 
conveniently compressed to a pound (per square inch) pressure or 
so by the use of the proper blower while gas is frequently furnished 
at only a few ounces (per square inch) pressure. Occasionally, 
high-pressure gas of several pounds pressure is available, in which 
case the energy from the gas stream may be used to induce free 
primary air from the atmosphere, but here again as in the use of 
free secondary air, the air-gas ratio is upset easily by changes in 
furnace pressure. The use of free’air is therefore not considered 
here. The following discussion assumes that air may be furnished 
at a pressure of 1/, to 2 psi, whether it be primary or secondary air. 
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The gas pressure available will be considered as three distinct 
cases, low, medium, or high pressure, and may affect the type of 
control to be used for air-gas ratio control. The low-pressure gas 
will be reduced to zero pressure or approximately so. Medium- 
pressure gas will be higher than this, but not as high as the 
air pressure furnished. High-pressure gas is available at as high a 
pressure as the air pressure or higher. 

The air-and-gas-mixing apparatus or, simply, “mixer’’ is the unit 
where the gas and air are brought together and where the mix- 
ing process has begun but may not necessarily be completed. 
In the use of secondary air the mixer is installed in the furnace 
wall and is usually called the burner, although for purposes of 
discussion here it shall be considered a mixer. A primary-air 
mixer discharges the mixture of air and gas to a piping manifold 
where it is delivered to a single burner or a multiplicity of burners. 
In either case, there are recognized three distinct classes of mixers. 
This classification is based upon the effect of the air flow on the 
gas flow, that is, whether the air tends to help or hinder the flow 
of gas. This effect may be measured by discharging the mixer 
into the atmosphere and turning off the gas supply. The result- 
ing pressure obtained at the gas entrance, which is produced by 
the air flow, is the key to the classification. If the pressure so 
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obtained is zero or very nearly so, as in Fig. 1, this type is defined 
as a neutral mixer. On the other hand, if a back pressure is ob- 
tained on the gas connection this is called a back-pressure mixer 
asin Fig. 2. Fig. 3 is an ejector-type mixer which produces suc- 
tion on the gas and tends to help the flow of gas. When either 
back pressure or suction is produced, these values are, in general, 
proportional to the air-pressure supply to the mixer and, indeed, 
must be so in order to function as a part of the air-gas-ratio con- 
trol. 


If, instead of discharging the mixer into atmospheric pressure, 
it is discharged into a region of back pressure'caused by the resist- 
ance to flow of a burner or caused by the combustion process 
itself, the back-pressure effect of a mixer will be increased, or the 
suction produced by an ejector mixer will be decreased. As long 
as the back-pressure effect which is downstream from the mixer is 
constant, it has no detrimental result on the air-gas ratio control, 
but if this back-pressure effect should become variable, then spe- 
cial allowances must be made in the ratio-control circuit in order 
to maintain air-gas ratio consistency. In fact, it will be shown 
how the difference between a constant and a variable back- 
pressure effect calls for a fundamental difference in the type of 
air-gas ratio control to be used. 

In keeping with the two types of back-pressure effect from the 
downstream of the mixer, there correspond two classes of furnace- 
pressure conditions. The first class, a standard-pressure furn- 
ace, is defined as one which either has an atmospheric pressure or a 
back pressure which is in proportion to the mixture pressure being 
delivered to the furnace by one burner or a group of burners all 
under the same throttling control. The use of large flue areas 
and little or no stack effect will maintain zero pressure in the 
combustion chamber. If a stack is used, an automatic damper 
control may be installed to maintain zero pressure. Again, in the 
absence of stack effect, but with limited flue openings, a back pres- 
sure is created in the combustion chamber due to the combustion 
process; however, as long as there is only one throttling control, 
this back pressure will be in proportion to this throttling-control 
pressure. With the use of more than one throttling-control on 
one furnace there is a tendency for interference of one control 
upon another. 

The other type of furnace-pressure condition is called a special 
pressure furnace and is defined as one which is not standard. This 
type of pressure is usually variable but may be constant at any 
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value other than zero. The class of special pressures may be 
produced by the use of a stack, fan, or an extraneous throttling- 
control system discharging into the combustion chamber of 
the control group under discussion. Of course the two classes of 
furnace pressures are relative, not absolute, depending upon the 
amount of deviation of air-gas ratio that is allowed. In other 
words, a standard-pressure type of control may be used on an 
application with a small variation in pressure as long as the corre- 
sponding change in air-gas ratio is permissible. 


ANALYSIS 


At this point it is advisable to review the fundamental gas-flow 
laws before attempting to analyze the various control circuits. 
These laws of low-pressure gas flow or noncompressible flow are 
not exact but are close enough for commercial application. The 
following terms will be used in the analysis: 


Q = volume rate of flow 

P = gage pressure 

S = specific gravity 

R = resistance to flow 

A = general bleed constant 

K = mixer constant 

B, C, D, F, G, H, L, M = general constants 


Subscripts: 


u refers to upstream 

d refers to downstream 

1 refers to air stream 

2 refers to fuel-gas stream 

3 refers to air-gas mixture stream 
4 refers to combustion chamber 
v refers to bleed valve 

o refers to bleed orifice 


Any consistent set of units may be used. 


The first law of gas flow states that the volume rate of flow of 
gas (or weight rate of flow if the gas is considered incompressible) 
is proportional to the square root of the pressure drop or pressure 
differential across any resistance to flow, such as an orifice plate, 
Venturi, valve, pipe fitting, etc. This is a common law applied 
in the metering of gas flow. It is also applied in controlling air- 
gas ratio. A set of differential pressures indicating air flow and 
another set of differential pressures indicating gas flow are made 
to oppose each other through various arrangements of dia- 
phragms.2?. Thus a balance of differential pressures is maintained, 
which results in a constant air-gas ratio. While it is easily 
understood how control of the air-gas ratio is obtained using dif- 
ferential pressures, it is much more difficult to understand the 
control of air-gas ratio by single impulse pressures when used in 
cgnnection with the various types of mixers and furnace-pressure 
conditions as heretofore described. If the downstream of an 
orifice plate is discharged to a known pressure region such as the 
atmosphere, the upstream: pressure tap will indicate flow by 
itself, since the downstream pressure is known without measure- 
ment. In this case the upstream pressure tap becomes the single 
impulse pressure, by means of which the air-gas ratio must be 
controlled. 

The other gas-flow law is that the volume rate of flow is in- 
versely proportional to the square root of the specific gravity of 
the gas. Combining the two gas laws 
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It is convenient to express the constant of proportionality as 


V 1/R, since the laws have the square-root form and the resistance 
concept to flow is similar to that used in the electrical, magnetic, 
thermal, and stress fields. Then, the general law of low-pressure 


gas flow is 
Perel oe 
c - RS 


Any set of units may be used, the resistance unit being defined 
from the other units. From analogy to the electrical field, resis- 
tances may be combined in series and in parallel. Likewise, 
both of Kirchhoff’s laws of electrical networks may be used for 
gas-flow circuits; namely, (1) the algebraic sum of the gas flows 
in all the pipes that meet at a point is zero and (2) the total 
change of pressure around any closed circuit is zero. The re- 
sistance form of gas flow and Kirchhoff’s first law will be used in 
the following analysis to prove that the various control circuits 
do majntain a constant air-gas ratio for variable flow rates. Of 
course in practice the various control circuits were derived from 
the analysis. 

Although there are several types of control circuits for air-gas 
ratio control, using single impulse pressures, all of them are de- 
rived from the basic form shown in Fig. 4, which is called the 


' 2 3 


TO AIR- GAS MIXTURE 
OR FURNACE 


TO GAS REGULATOR 


CONTROL 


Fic. 4 


“general bleed.’”’ It must be understood that the bleed mecha- 
nism or any of its derivatives is only a small branch of 1/s-in. or 
5/g-in. pipe size, going from the main air pipe and usually some 
point of lesser pressure such as the air-gas mixture pipe, the 
combustion chamber, or the atmosphere, to the gas-pressure 
regulator control. Before the complete control circuits can be 
analyzed it is necessary to develop the following mathematical 
expressions for the general bleed and other bleed systems. 

In Fig. 4 the pipe line going to the gas-regulator control is 
dead-ended; that is, there is no steady flow of air in this line. 
Therefore the flow rate through the valve must be equal to the 
flow rate through the small orifice 


ae ae ae 
RS, RS; 


Solving this equation 


Let 
Ro 
A 
R, + Ro 
and, therefore 
Rh. 
Se 
R, + Ro 


3 “Tow Pressure Gas Flow Analyzing by a Resistance Theory,”’ by 
H. C. McRae, Industrial Gas, vol. 19, March, 1941, pp. 17-20. 


‘ 


387 


Rewriting the value of the gas controlling pressure 
P, = AP, + (1 — A)P3 siieite 6 sles) njeim) o «lee « {1} 


whereO0 SA <1 
Equation [1] is the mathematical expression for the general 
bleed, stating that P: is always a fixed ratio difference between 
P, and P3, regardless of the rate of flow or how P; and P; may 
vary during the control cycle. Since the bleed valve is set once 
and for all at the beginning of an installation to conform to the 
particular requirements of the application, R, and therefore A are 
constant in the control cycle. 

The various types of control are derived from Equation [1] by 
fixing definite values for A and P;. For the conditions 


P, = AP, + (1 — A)P3..... iy Oe (2] 


0<A<1 andP; +0 


a double connection is required to control the gas (both to P, and 
P;) and hence the name, “‘double bleed.” If 


A=0 and P; #0 


For this case the bleed valve is closed or R, = ~. In practice 
the bleed valve and orifice are not used, since it is necessary to 
use only a single pipe to connect the air-gas mixture pressure, P;, 
to the gas-regulator pressure, P2. This class of control is called 
the “reduced cross connection.” 

The gas-control pressure may also be connected to the combus- 
tiou chamber, in which case 


This type of control is called ‘cross connection to furnace.” In 
fact, if the mixer is mounted directly on the furnace and the air 
is used as secondary air, the mixture pressure, P3, becomes the 
furnace pressure, Ps. In other words, this case is derived from 
the previous case. 

Again, for the condition 


PaaeAP: P= 00. Al<idleet verte [5] 


the bleed orifice is discharged directly into the atmosphere. This 
case is called “‘single bleed”’ or abbreviated to simply ‘‘bleed.” 
In addition, if A = 0 and P; = 0 


Poae—sa() mileteuwna Taher scelejsicviwilelelelia elses + [6] 


This ‘‘zero gas” is the most commonly used type of control; the 
gas-control regulator need only be vented to the atmosphere and 
no pipe interconnections between the air and gas are necessary. 
The last type of control is derived either from the single or the 
double bleed, since P; may or may not be zero, because A = 1 


This is called “straight cross connection.’’ For this case the 
bleed valve is open wide with no resistance; R, = 0. Again, 
in practice, this is equivalent to a single pipe connection between 
the air pressure and the gas-control pressure. 

The foregoing control classifications give all the necessary com- 
binations in air-gas ratio control by single impulse pressures to 
cope with the various types of mixers, gas pressures available, and 
furnace-pressure conditions. There are a few other miscellane- 
ous control types, such as connection of the gas-control pressure 
to the air and to a gas-pressure point just upstream from the 
mixer, but these controls only duplicate, in need, what has already 
been derived. Table 1 is constructed for convenience to sum- 
marize the various controls and show their relationship. It will 
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TABLE 1 SUMMARY OF VARIOUS CONTROLS AND RELATIONSHIP 
General bleed 
Equation [1] 
P2 = AP: + (1 — A)P3 
OFS ARS 
E t 
Double-bleed Straight cross connection Single-bleed 
Equation [2] Equation [7] Equation [5] 
P2 = AP: + (1— A)P3 Peery Pyaar 
O<A<1 Ps¥#0 A=1 O<A<1 P=0 
[Reduced cross connection Zero gas 
Equation [3] Equation [6] 
2 = Ps P2=0 
A=0 P; # 0 A=0 P3-= 0 


Cross connection to furnace 
Equation [4] 


ec fer 
A=0 Ps #0 


be shown later how the branch on the right side is used for stand- 
ard-pressure furnaces, while the left branch is used for special 
pressure furnaces. 

Fig. 5 shows the general arrangement of the air and gas piping 
with the exception of the bleed control itself. As previously 
mentioned, the mixer and the burner may be only one unit in- 
stead of two separate units as shown. It is important to notice 
the function of the gas-pressure-regulator control. This device 
is sometimes called a “zero governor” or ‘fatmospheric regula- 
tor.” It is nothing more than a diaphragm-operated pressure 
regulator‘ which controls the gas-discharge pressure to be equal 
to the impulse pressure imposed from the bleed control, providing 
of course that the gas-supply pressure is high enough. The con- 
trol valve is adjusted according to heat-input demand. Thus 
the air pressure, P;, and air-flow rate are being adjusted continu- 
ously, while likewise the gas-flow rate must remain in step with 
the air flow through the application of the proper bleed control 
and the gas regulator. 


4“Simple Pressure Regulators—Principal Types and Their Char- 
acteristics,’ by H. C. McRae, Instrwments, vol. 15, February, 1942, 
pp. 44-45 and 59. 


Fig. 6 shows the diagrammatic layout of the circuit in Fig. 5; 
R, represents the resistance to flow of air in the mixer and Rp is 
the resistance to gas flow in the mixer, including a gas valve for 
air-gas ratio adjustment. Term R; is the resistance of the burner. 
The expression, K, (P,; — P3), is the suction or back-pressure 
effect of the air on the gas flow as discussed under the subject of 
mixer classification. The corresponding effect of the gas on the 
air flow is K,;(P2 — P;). The value of Kz determines the mixer 
classification: For K, = 0, a neutral mixer; for K,; < 0, a 
back-pressure mixer; and for K, > 0, the mixer is the ejector 
type. 

The air flow through the resistance, Ri, is 


one ue: +E Kies) ee Ps 
7 RS, 


The gas flow rate is 


Q: 


nae ala, 
RS 


Fig: 
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For the experimental determination of K2, the gas flow is cut 
off. Then Q. = 0 and 


P, + K2(Pi — P3) — P; = 0 


jected 2 
K, =— — (no gas flowing) 


In a similar manner, with the air cut off 


ky =— oF (no air flowing) 
In the case that the mixer and the burner become one unit, 
combustion may affect the K values. For this case the K values 
will have to be determined under actual combustion and by meter- 
ing the air- and gas-flow rates; however, P; is replaced by P,. 
From the foregoing air- and gas-flow rates the air-gas ratio is 


Qi _ “if iz + Ki(P:— Ps) — | rf 

Q RiS1/ Ps. Ke(Pi= PP | 
Since fi, Re, S:, S2, Ki, and Ke are constants, it is only necessary 
to eliminate the pressure terms, which vary in the control cycle, 
to prove that the air-gas ratio is constant. 

Taking a simple case to illustrate the method of proving air- 
gas-ratio constant, consider a neutral-type mixer discharging into 
a zero-pressure furnace. In this case, Ki = Ke = P3 = 0. 
Equation [8] becomes 


2-0) 

Q2 RS, / \P2 
Let P,; = AP, be the control chosen, which is a single bleed or 
straight cross-connection for A = 1. After substituting this 


value for P2 
Q ls 5 wee 
Q» RS] \A 


Consider a standard-pressure furnace for which Ps = 0 or in 
the case that P, is proportional to P;, the furnace resistance to 
flow may be included in the burner resistance and the flue gases 
are discharged from the furnace to the atmosphere or zero pressure 
anyway. In other words, for standard-pressure furnaces the 
downstream resistance from the mixer is constant. Then, for 
this case: Ps = 0 and Ri, Ro, R3, S,, Se, S3 are constant. The 
control chosen is P2 = AP, which is the single-bleed, straight cross 
connection for A = 1, or zero gas for A = 0, The pressure, Ps, 
must be proved to be proportional to P;, before Equation [8] may 
be used. Equating the sum of the air and gas flow to be equal to 
the mixture flow 


a ees ea ae PRC CE PEP, 
RS; RS2 


Be ea 
, = RSs 


Using the values just given for P2 and P, 


Ae =P, - ARP KP, nee PP Pees 


R,S; R 22 


This equation may be written in more simple form by the use of 
general constants, since the actual value of P; is not needed 
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/ FP, + GP; + VBP, + DP; = HP, 


After squaring this equation twice and combining the proper 
terms in order to eliminate the radicals 


(Ff + B)P, + G+ D—#H)P,} = 
4[BFP,? + (DF + BG)P,P; + DGP;?| 


Again, simplifying by using general constants 


P+ LP,P; + MP? =0 


or 
—LP, + VP, — 4MP Lb Ve—4M 
Ps; = = }j—— + P, 
2 2 2 
and finally 


(2 (ONE 


Now Equation [8] becomes 


Qi _ Hee + AKi — CK, — ¢ 
Qe RiS,/_A Sp Se 
which is constant and independent of the control pressure P;. 

Since it is proved that zero gas produces constant air-gas ratio 
for standard-pressure furnaces or zero-pressure furnaces, this case 
may be easily extended to prove that cross connection to furnace 
holds constant, air-gas ratio for special pressure furnaces. These 
two cases become equivalent when all the pressures in the latter 
case are referred to P,, the furnace pressure, as a base instead of 
the atmosphere or gage pressure. In other words, since P; = 
P4, P2 will always be zero if referred to its value exceeding Py. 
Likewise, P; and P; take on new values that differ from their old 
gage values by the same amount that P, differs from zero gage 
pressure, 

Now consider the general case of special-pressure furnaces. 
Both Ps and R; become variable for this case, although Rs, the 
burner resistance, is not usually varied purposely but may vary 
slightly with temperature change. P; is no longer proportional 
to P; and therefore the single-bleed will not hold constant air- 
gas ratio. Choose 


P, = AP, + (1—A)P; 


the double bleed control, the reduced cross connection for A = 0, 
or the straight cross connection for A = 1. Equation [8] be- 
comes 


TABLE 2 TYPE OF CONTROL FOR GIVEN APPLICATION 


Mixer Gas pressure|Standard pressure} Special pressure 
classification available furnaces furnaces 
Cross connection 
Low Zero gas a tA 
Cross connection 
Zero gas to furnace 
Medium Reduced cross 
Ejector type Single bleed connection 
Double bleed 
Zero gas 4 
High _| Straight cross 
Straight cross pon eC BOD 
connection 
No method No method 
Low available available 
Neutral or = 
back-pressure Medium Single bleed Double bleed 
type 3 5 
be High Straight cross Straight cross 
e connection connection 


5 RiS.\) Pu Poe (Aba P45 4P,— P,) 
RS, AP,+ P; — AP; — P; + K.(P; — Ps) 
- ‘ RS (Py ro P3) aE AK\(P; Sle) 
¥ ReeSu) \WAl (P= Pa) ie (ieee) 
| RoSs : Rite 
= const 
RS) Ae 


Table 2 shows the type of control to use on any given applica- 
tion. The use of the single bleed and the double bleed have been 


avoided when possible, although these types of contro] sometimes 
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have to be used to obtain a sufficient quantity of gas. The reason 
for avoiding these controls is because of the necessity of adjusting 
the bleed valve properly to get just the sufficient amount of gas 
pressure without exceeding the gas-supply pressure minus the 
pressure drop through the gas regulator. All of the other con- 
trols require only a single pipe connection to the gas regulator 
without any adjustments. The zero gas system is the most popu- 
lar, because in this case no connection need be made to the gas 
regulator, and there is always a sufficient supply pressure for this 
control. 

Figs. 7 to 11, inclusive, show the complete circuit for some of 
the most frequent applications. 
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Fig. 1 Exsow Comsustion CHAMBER 


The Elbow Combustion Chamber 


By M. A. MAYERS! ann W. W. 


A description is given of the “‘elbow’”’? combustion cham- 
ber, developed for use in the gas-turbine power plant de- 
signed and built for the United States Navy by the Elliott 
Company. This type provides extremely high heat-release 
rates which is an essential characteristic for gas-turbine 
applications. The fuel-oil-burning system which utilizes 
standard Diesel fuel-injection equipment has been devel- 
oped to a high point of efficiency, and may be varied over 
a range from full load to %o full load without material 
change in quality of atomization. The paper discusses in 
detail the air-flow characteristics, fuel supply, ignition and 


1 Formerly 
A.S.M.E. 

2 Engineering Research and Development Department, Elliott 
Company. Jun. A.8.M.E. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tue American Socipty, oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Development Engineer, Elliott Company. Mem. 


CARTER,? JEANNETTE, PA. 


control devices, and analyzes the combustion-chamber 
performance-test data. 


*y NHE “elbow” combustion chamber was developed for use in 
"Li gas-turbine power plant designed and built for the 
U.S. Navy by the Elliott Company during the period 1942- 

1944. It has turned out to be exceptionally adapted to gas- 
turbine use in that it permits heat-release rates of 2.5 X 108 Btu 
per cu ft per hr, with air supplied at 95 psia, and 650 F, when it 
requires a pressure drop of only 16 in. water column; it permits a 
“turndown’’ to 1/29 of full load; and is extremely insensitive to 
fuel-air ratio. As shown in Fig. 1, it consists of a right-angle 
elbow in a duct, of which the upstream arm is smaller in di- 
ameter than the downstream one. The upstream end of the large 
arm which forms the combustion chamber proper, is closed by a 
head which carries an “ignition cone,”’ the fuel-oil burners, an ig- 
niter burner, and the “flame-rod”’ or contact member of the 
flame-sensitive controller. The chamber contains no inner shell 
separating combustion air from tempering air, and all the air in 
the gas-turbine circuit is supplied to the chamber without the 
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necessity for separate control of combustion air. Fuel is supplied 
to the chamber through standard Diesel fuel-injection equipment, 
producing a pulsating fuel flow which on a sincle burner may be 
varied over the range from full load down to !/; full load without 
material change in the quality of the atomization. The rate of 
fuel flow is controlled by adjusting the position of the control rod 
of the Diesel injection pump. 


Gas-TuRBINE CoMBUSTION-CHAMBER REQUIREMENTS 


The Elliott gas turbine was designed from the basic premise 
that such an engine, to be a successful prime mover, must have 
an efficiency comparable with those of others with which it would 
compete. To accomplish this aim, it was necessary to provide 
heating of the working medium in two stages, one before the first 
stage of expansion and a reheat after this; and to reduce the 
parasitic losses associated with the combustion chambers to a 
minimum, The thermodynamic advantages to be gained by re- 
heating have been treated elsewhere (1)* and need not be repeated; 
the process does, however, entail the necessity of supplying heat 
to a flue gas, resulting from the combustion in the initial, or high- 
pressure combustion chamber, which may contain 2.7 per cent 
carbon dioxide, 2.6 per cent water vapor, and whose oxygen con- 
centration may be reduced to about 16.5 per cent. 

It may not at first be apparent why the pressure drop in the 
combustion chambers, as well as in the ducts and heat exchangers, 
must be so severely limited. The loss in gross turbine work is 
proportional to the ratio of the pressure drop to the absolute 
pressure at which it occurs and thus does not appear to be seri- 
ous. Only a portion of the gross turbine work appears as useful 
output, this fraction being represented by the work ratio, @ (1). 
The proportional loss of net turbine output due to parasitic losses 
is inversely proportional to a and may be therefore from 2.5 to 
4 times as great as the loss in gross turbine work. 

Since this machine was designed for naval ship propulsion, it 
was necessary for it to operate over a wide range of loads. 
cubic relation between speed and power in ship propulsion, coupled 
with the fact that the gas turbine is governed directly by the rate 
of heat input, demands a high degree of flexibility in the fuel- 
burning system. Fig. 2 shows how the fuel-burning rate, and 
the power output depend upon the propeller-shaft speed. For 
maneuvering at speeds down to 45 per cent of full-power speed 
the high-pressure chamber must operate stably over a range of 
burning rates of 10 to 1; while for the design conditions of speeds 
down to !/; of full the turndown must approach 20:1. Conven- 
tional marine practice of changing the tips or spray plates of fuel 
burners is not acceptable for this application, since burner removal 
from chambers operating under pressures greatly exceeding atmos- 
pheric could hardly be made rapid enough. 

Associated with the need for wide-range characteristics of the 
fuel-burning equipment is the necessity that it be insensitive to 
over-all excess air. It is evident from Fig. 2 that the air-to-fuel 
ratio covers an extreme range from 600:1 in the low-pressure 
chamber to about 120:1 in the high-pressure chamber. In addi- 
tion, variations in operating conditions such as weather, draft of 
vessel, etc., might impose variations about the curve of air-to- 
fuel ratio, at any value of speed, of 10-25 per cent. Previous 
chambers (2) had used separate control of combustion air to meet 
this type of difficulty. In the present instance this solution was 
unsuitable because air was supplied to the chambers at such high 
temperatures that valves or dampers could hardly be expected to 
operate reliably, and because of the stringency of pressure-drop 
restrictions. 

It is desirable that the combustion chambers for gas-turbine 
plants permit very high heat-release rates; in fact, the possibility 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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that this may be secured is one of the main attractions of the 
internal-combustion gas turbine. It was, moreover, believed to 
be essential that these combustion chambers operate with a per- 
fectly clean discharge, as the effect of soot, smoke, or gaseous 
products of incomplete combustion on the turbines and heat- 
transfer surfaces could not be predicted. The requirement of 
clean discharge also made it undesirable to leave exposed surfaces 
of nonmetallic refractories in the combustion chamber, since 
spalling or dusting of such material would foul the gas stream. 
Of course, safety, reliability, and convenience in operation, as 
well as ease and accessibility for necessary repairs are also desir- 
able characteristics. 


CHARACTERISTICS OF ELBOW-TyPE COMBUSTION CHAMBER 


Air Flow, The air, on entering the main combustion chamber 
through the side inlet, follows the flow pattern characteristic of 
flow through an elbow in a pipe line (3), producing a double-vortex 
system. The two vortexes lie on either side of the center line of 
the inlet duct and have opposite senses of rotation. When the 
chamber is in operation the centers of these vortices appear as 
two bright spots to an observer looking upstream from the outlet 
of the chamber. : 

The strength of the vortex system is enhanced by making the 
diameter of the inlet duct less than that of the main chamber. 
While exact limits of this ratio have not yet been established, it 
has been found by model tests that the vortexes become less stable 
and show more tendency to break down into a single vortex hay- 
ing relatively undisturbed laminar flow, when the ratio of the 
diameters becomes greater than 0.6. The same kind of break- 
down is produced by eccentricity of the inlet, or departure of the 
inlet center line from an extension of a radius of the combustion 
chamber proper. 

A portion of the air entering the chamber is trapped behind the 
edge of the ignition cone which projects across the inlet air © 
stream. Some of this air flows into the cylindrical part of the 
ignition cone through the slots shown in Fig. 1, producing a ring 
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vortex which has been shown to stabilize the ignition of fuel 
sprays (4), by some such mechanism as the following: Air from 
the slots in the ignition cone, on meeting the back wall of the 
ignition cone, turns radially outward, causing the formation of 
a vortex ring whose sense of rotation is such that the flow through 
the center of the ring is upstream. This causes the ring to take 
up a fixed position in relation to the back wall into and out of 
which air passes without affecting the stability of the vortex 
system as a whole (5). Thus the vortex ring is similar to a smoke 
ring, except that it is fixed in position and is continuously replen- 
ished. The entering air which has swept over the fuel spray 
injected into the chamber, carries with it a portion of finely atom- 
ized oil and oil vapor which serves as fuel for a continuously re- 
generated pilot flame established in the vortex ring. 

The pilot flame formed by the vortex ring probably serves as a 
source of heat and of “active centers” to initiate the combustion 
of the main oil spray with the remainder of the air flowing through 
the ignition cone. Under conditions of very low oil-air ratio this 
small amount of air may be sufficient to burn the oil completely 
within the ignition cone, itself; but at higher loads, this protected 
region serves only as a space within which the whole mass of fuel 
may be vaporized and ignited. It should be noted that no rota- 
tion about the axis of the chamber is imparted to the flow through 
this cone. In every instance in which such rotation was pro- 
duced, drops of burning oil were thrown against the walls of the 
cone, which eventually produced coke deposits. 

The mass of ignited fuel issuing from the ignition cone appears 
to flow into the centers of the two vortexes formed by the main air 
flow, in which their combustion is completed. Observation of the 
bright spots formed by the double-vortex system shows that their 
size depends on the load, or rate of burning oil. At medium loads, 
large enough so combustion is not complete within the ignition 
cone, the spots are quite small and are clearly separated. As the 
load increases they increase in size until the two spots nearly 
touch. One might imagine that the flow out of the cone is di- 
rected into the centers of the vortices and that the burning fluid 
diffuses radially out from these centers to an extent determined by 
the amount of air required to complete its combustion. It has 
been suggested (6) that the reduction in static pressure at the 
center of a vortex (7) may be the agency which produces such a 
directed flow. 

That some mechanism, such as that just suggested, governs the 
operation of the chamber can scarcely be doubted. At no time 
has there been evidence of incomplete combustion such as would 
result from the quenching of the burning by too great an amount 
of excess air, even though the chambers have been operated at 
air-to-oil ratios as great as 600:1. Moreover, the temperature of 
the flame, estimated from visual observation of its color, must be 
of the order of 3000 F, a value associated with combustion with 
only a small excess of air. Another observation, which helps 
to show that only the portion of the air that penetrates nearly to 
the center of the vortexes takes part in the combustion of the fuel, 
is that the air in the outer filaments of the vortex flow, which 
sweeps the walls of the combustion chambers, remains cool in the 
sections of the chamber in which rapid combustion occurs and 
serves to cool the metallic walls. This portion of the air rises in 
temperature some distance downstream and is eventually mixed 
by the residual vortex motion with the combustion air proper. 

This characteristic of the elbow combustion chamber makes it 
almost unique among high-duty chambers; other types, which 
depend upon partial admission of air into the combustion space 
vented through liner walls, thereby make the liner wall behave 
like a ported gas burner except that in this case flames of air 
in a fuel-rich atmosphere are set up. The proximity of these 


flames to the chamber wall leads, of course, to overheating of the _ 


liner. In the elbow chamber no such overheating or warping of 
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the chamber liner has ever been observed; tests, described below, 
indicate that no point on the inner shell rises more than 300 deg 
F above the outlet gas temperature even though it is exposed to 
direct radiation from a dense flame. 

Fuel Supply. Fuel is supplied to these combustion chambers 
by means of commercial types of Diesel injection equipment. 
Number 2 Diesel oil is pumped through wound cartridge filters 
made by Commercial Filter Corporation under the trade name 
“Wulflo,” to the inlet of 8-cylinder pumps made by the American 
Bosch Corporation. The discharges of all eight cylinders of each 
pump are led through !/s-in. X !/,-in. hydraulic tubing to a high- 
pressure manifold in which the lines are brought together. From 
here they pass through !/,-in. X 1/2-in. hydraulic tubing, to a 
single water-cooled fuel injector, of a standard design produced 
by Aircraft and Diesel Equipment Corporation. Thus each 
pump, header, and injector combination forms a single burner 
unit. 

The injection pumps have cylinder bores of 10 mm and actual 
plunger strokes of 10 mm. The plungers are cam-actuated so as 
to have essentially constant velocity over the effective or delivery 
part of the stroke, which can be varied by changing the point at 
which a relief port is uncovered by the plunger. Thus fuel is 
delivered at a constant rate during a short variable time interval. 
The volume of fuel per injection is directly proportional to the 
length of the time interval during which injection of fuel occurs 
and is controlled by the position of a pushrod which simultane- 
ously fixes the effective stroke of each plunger. Since the maxi- 
mum duration of injection from each pump cylinder is 26 deg 
of camshaft rotation, while the interval between the start of each 
succeeding injection is 45 deg, it is evident that the discharges do 
not overlap. The pumps are driven at a constant speed of 1200 
rpm, producing a frequency of injection through each burner of 
9600 per min, or 160 per sec. Thus the time interval between 
the start of each injection is 6 milliseconds, which is short enough 
to assure stable flame, without pulsations, when the fuel is dis- 
charged into the ignition cone previously described. 

The Adeco injector mentioned previously, contains a spring- 
loaded differential-area valve which opens when the fuel-oil line 
pressure reaches 3300 psi. This valve insures clean sharp dis- 
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charges and prevents “dribbling” between pulses. The injector 
is equipped with nozzle tips whose construction is shown in Fig. 3. 
By this means the advantages of the fine atomization and uni- 
form distribution produced by a whirling cone spray, used con- 
ventionally in large mechanical-atomizing oil-burner nozzles, 
were secured for the spray from a Diesel injector. The discharge 
orifice is set at an angle to the axis of the tip to permit inserting 
two injectors in the same ignition cone with their tips not more 
than | in. apart, and having them discharge axially down through 
the same cone. The tips are installed in the injector by means of 
a jig which insures the correctness of their orientation, while the 
injectors are held in the chamber by a fixture built into the burner 
support. Since fuel is delivered to the injector at a constant 
instantaneous rate during the injection interval, the atomizing 
energy is constant from maximum to minimum capacity and good 
atomization is obtained over the full range. 

Ignition and Control Devices. The head of the chamber also 
carries a spark-ignited gas-fired igniter burner,'and the support 
for the “‘Flame-rod”’ or sensing element of the controller, made 
by Wheelco Instrument Company, which insures that fuel will not 
be supplied to the chamber in the absence of a source of ignition. 
This device uses the electrical conductivity of the flame to balance 
a bridge circuit, allowing a relay to close. This relay may be con- 
nected, as shown in Fig. 4, to hold open a valve for gas supply 
or to close contactors supplying power to the injection pumps. 
If the conductivity of the circuit including the Flame-rod is either 
above or below that of the flame the relay opens, cutting off 
power from these operations, and lighting a signal lamp. The 
Flame-o-trol, or measuring and control element of this device, 
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which is mounted on the main operating panel board of the gas- 
turbine unit, is by-passed at starting by depressing a push button 
which simultaneously opens the gas-supply valve to the igniter 
burner and applies a sparking voltage to the electrodes of the 
igniter. : 

The igniter burners are supplied with a propane-and-air mix- 
ture formed in a Venturi mixer; propane is supplied from com- 
mercial tanks. Air to the mixer, and cooling air to the Flame-rod 
holders is supplied by the high-pressure compressor of the gas- 
turbine set. A small portion of the discharge of this compressor 
is drawn off from the main discharge duct ahead of the regenera- 
tor, passed through a small aftercooler, and is supplied to these 
auxiliaries. The air- and gas-piping diagram of these devices is 
shown in Fig. 5. 

Sight glasses are mounted on the combustion chambers at con- 
venient points to permit observation of the flame. Those in- 
stalled in these chambers do not, unfortunately, permit removal 
of the glass while the chamber is under pressure, but the sight 
glasses designed for the future will. To date, no glass has ever 
broken in service. 

Materials and Construction, The inner shell of the chamber, 
which acts merely as a shield to prevent abrasion of the internal 
insulation by the gas stream and takes no pressure load, is of 25 
per cent Cr, 20 per cent Ni, type No. 310 steel. The inner 
shell is supported centrally in the chamber by means of two 
“spoked” supports which permit radial expansion of the shell with- 
out altering the center-line position. The shells are fixed axially 


_ near the air-inlet position and are free to expand in both diree- 


tions from this point. Flexible seals to prevent pieces of insu- 
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lation getting into the gas stream are installed at either end of 
the inner shell. 

The ignition cone is cast of chrome iron containing a minimum 
of 28 per cent Cr. The burner holders are of No. 302 stainless 
steel. Except for the insulation, which occupies the space be- 
tween the inner and outer shells, these are the only parts exposed 
to extreme temperatures. 

The internal insulation consists of two layers; the inside, which 
is exposed to the highest temperature, being of a lightweight 
brick 11/, in. thick. The outer layer is a slag-wool block, wired 
and cemented to the outer shell. In the high-pressure chamber it 
was desired to minimize the thermal expansion of the structural 
member of the combustion chamber, so the block insulation is 2 
in. thick and the outer pressure-retaining shell is of mild steel. 
In the low-pressure chamber some thermal expansion was desired, 
intermediate between the amount that would be caused by expo- 
sure of the shell to gas temperature and that of a “cold” shell. 
One inch of block insulation was therefore placed inside the 
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shell and 11/, in. outside, and the outer shell was made of 18 
Cr, 8 Ni, type No. 302 stainless steel. 

_ The heads for both chambers have outer shells of mild steel, 
inner shells of type No. 310 and are insulated between the shells. 
They are bolted to the combustion chamber proper by studs 
tapped into the combustion-chamber flange. The joint is sealed 
by a double-ring copper-wire gasket. Since the head of the cham- 
ber carries all the internal elements, these are immediately ac- 
cessible for repair or replacement on its removal. 


CoMBUSTION-CHAMBER PERFORMANCE 


An extensive series of tests was made on an experimental com- 
bustion chamber, a duplicate in its principal dimensions to the 
high-pressure combustion chamber. The chamber could be 
supplied at a maximum pressure of 8 psig, with 5600 cfm of air 
which could be heated to temperatures up to 1000 F, by burning 
natural gas in it in a special furnace. The maximum weight flow 
of air was only about one fifth-of that in the gas-turbine set, and 
only one burner-injection pump unit was installed. It was an- 
ticipated, however, that these tests would permit determining if 
the performance of the combustion chambers would limit the 
plant operation, as a wider range of air-oil ratios could be tested 
than would be used in the plant, and shorter burning times could 
be obtained, since larger volume flows and higher velocities 
could be produced by lowering the pressure. It was expected 
that the fourfold increase in pressure in the prototype would per- 
mit increasing the heat-release rate by more than the factor of 
3 between that of the prototype and that reached in the tests. 

These tests were aimed at the determination of the operating 
efficiency of the combustion chamber. For a system in which the 
flue-gas discharge temperature is far above the air inlet tempera- 
ture, it is not immediately obvious how the thermal efficiency 
should be defined. One possibility is to compare the higher heat- 
ing value of the fuel with the difference between the enthalpy of 
all of the products of combustion and that of the air and fuel 
supplied. The first term in this difference is subject to some error 
because of uncertainty in the actual amount of moisture in the 
flue gas, but the results calculated in this manner have been pre- 
sented in Table 1, under the column heading ‘“‘Efficiency by Heat- 
Balance Method.’ Another method of expressing the efficiency, 
derivable from the same heat-balance equation, results in a com- 
parison of the change in enthalpy of the air supplied to the cham- 
ber with a quantity defined by chemists (8) as the “heating value 
at the temperature” of the combustion-chamber discharge. The 
combustion-chamber efficiency thus defined may be expressed 


TABLE 1 TEST RESULTS FROM EXPERIMENTAL COMBUSTION CHAMBER 


Inlet Outlet Inlet Air oi1 
Ron Temp. Temp. Pres. Rate Rate 
Nosmber (°F) (°F.) (Psia.) (#/Sec.) (#/Hr.) 
2 498 1050 20.1 6.04 180.5 
30 497 1258 20.3 6,00 245.0 
31 130 860 20.0 5.97 217.5 
32 130 890 18.8 5.95 226,5 
33 498 1049 19.7 6.12 185.5 
499 1063 19.7 6.4 191.5 
3 497 1250 19.8 5.99 250.5 
36a n7 259 16.8 6.19 51,0 
36b 103 288 15.2 4.00 43.5 
37 1003 1254 20.7 6.18 100.5 
38 505 1035 19.6 6.13 174.5 
39 498 1039 19.6 6,15 175.5 
40 n6é 290 16.6 5.91 58.5 
41 222 1035 18.5 5.64 262.5 
42 475 996 18.9 5.85 166.5 
43 121 393 17.0 5.92 80.5 
44 487 1041 19.1 5.86 178.5 
} 45 465 989 18.9 5.87 167.5 
46 480 995 19.1 5.92 166.5 
47 134 1365 18.8 5.23 330.5 


Heat 
Input in Static  Eff.-Bu. 
Million Air/oil Pres. Ships Eff,- 
Btu./Hr. Ratio (Psi.) Method Ht. Bal. 
3.55 120.4 0.63 96.0 97.6 
4.81 88.2 0.71 9.3 9.9 
4.28 98.7 0.62 97.1 99.2 
4.45 94.6 0.64 9.6 99.2 
3.65 18.8 0.70 94.8 96.0 
3.76 5.3 0.66 94.3 94.7 
4.92 86.1 0.73 95.8 95.6 
1.00 437.2 0.42 83.2 85.6 
+86 331.2 0.21 81.0 80.9 
1.97 221.4 0.61 86.0 87.3 
3.43 126.5 0.66 96.9 96.3 
3.50 126.2 0.66 98.7 3 
1.15 363.9 0.42 83.4 ---- 
5.16 16.9 0.68 97.9 ---- 
3.27 126.5 0.69 93.2 ---- 
1.58 264.7 0.53 95.2 ---- 
Bu5u 118.2 0.75 93.0 ---- 
3.29 226.2 0.72 94.3 95.4 
3.27 128.0 0.77 94.2 95.9 
6.50 57.0 0.75 101. 102.7 
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where 7 is combustion-chamber efficiency 
A 
Fr is air-fuel ratio at which chamber is operated 


12, 1, are enthalpies of air at discharge and inlet conditions, 
respectively 

H, is heating value of fuel at temperature of combus- 
tion-chamber discharge and is defined by 


40) J. - [2] 


where Hy is heating value of fuel determined under standard 
conditions 
Wo, WH, Wo are weights of carbon dioxide, water, and oxygen 
entering the reaction per unit weight of fuel 
ten, Ico, ete., are enthalpies of constituents indicated by 
letter subscripts at the condition of discharge from the 
chamber and standard condition, respectively. 


A, = Ho— [we(tc,— top) + wx (tx, — tH) — Wo(to.— 


This efficiency is entered in Table 1, under the column heading 
“Efficiency by Bureau of Ships Method” (9), and is plotted in 
Fig. 6. 
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Instrumentation. Both methods of determining efficiency re- 
quire accurate measurement of the temperature of the discharge 
from the combustion chamber. Two methods of measuring this 
temperature were used. One was similar to that used by King 
(10) in determining a reference temperature for the calibration 
of shielded thermocouples, while the other, which also permitted 
estimating the degree of stratification in the discharge tempera- 
ture, was based on the average of the indications of three shielded 
thermocouples (11) placed in the combustion-chamber discharge. 
The average of the three thermocouples was always higher than 
the indication of the single reference couple, which could be ac- 
counted for by heat loss between the two temperature-measuring 
stations. Because stratification in the outlet duct cast some doubt 
on the validity of the average, and since there was a possibility 
that the temperatures of the shielded couples were influenced by 
catalytic combustion on the metallic surfaces of the shields, the 
reference couple was always used for efficiency estimates. 

The pressure measurements used for estimation of the pressure 
drop across the chamber were the subject of rather intensive 
study. This characteristic of the chamber was of special impor- 
tance, but was very small in magnitude so that great care was 
needed in its measurement. The static-pressure measurements in 
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both the inlet and outlet ducts were checked, during cold-air 
runs, against the indications of a Fecheimer tube (12) to assure 
freedom from errors due to impact pressures. 

Gas samples were drawn from both inlet and outlet ducts and 
were analyzed on an Ellison three-chamber gas analyzer of the 
Orsat type. This instrument could not be expected to indicate 
small concentrations of the products of incomplete combustion, 
which might, however, have a relatively large effect on the 
chamber efficiency. In order to permit the diagnosis of losses 
from this source, a combustible-gas analyzer, having a full-scale 
range equivalent to 1 per cent of carbon monoxide, was kindly lent 
us by the Mine Safety Appliances Company, Pittsburgh, Pa., and 
a series of tests (runs Nos. 40-44 inclusive) were run, covering the 
range of air-oil ratios, in which gas samples from the regular taps 
were conducted to the analyzer. As shown in Table 2, the maxi- 
mum indication of combustible gas during the run was about 
0.02 per cent, equivalent to about 0.6 per cent heat loss to in- 
complete combustion. For the first 10 to 15 min of operation 
of:the chamber after lighting off, a decreasing indication, start- 
ing at a peak of about 0.06 per cent equivalent carbon monoxide, 
was observed. As this analyzer, by producing catalytic combus- 
tion of combustible components of the gas stream on the surface 
of the platinum wire whose temperature affects the balance of a 
resistance bridge, indicates the presence of all products of in- 
complete combustion, these tests were considered conclusive proof 
that the fuel was completely burned out at the discharge of the 
chamber. 


TABLE 2 GAS ANALYSES FROM TESTS ON EXPERIMENTAL 
COMBUSTION CHAMBER 
Combustible 
Gas Content Gas Analysis by Orsat Gas Analyzer 
Run of Outlet 
Gas by Inlet Gas Outlet Gas 
Number MSA Analyser co2 02 co C02 02 CO 
29 - 0.8 19.2 0.0 2.8 16. 0.0 
30 - 0.8 19.2 0.2 364 15. 0.0 
31 - 0.0 20.9 0.0 2.0 17.8 0.0 
32 - 0.1 20.2 0.0 2.2 17.6 0,0 
33 ~ 0.8 19.3 0.0 2.4 17.2 0.0 
34 - 0.8 19.4 0,0 2.6 16.8 0,0 
35 - 0.8 19.4 0.0 3.2 15.8 0.0 
364 - 0.0 20.9 0.0 0.5 20.4 0.0 
36B - 0.0 20.9 0.0 0.5 20.5 0.0 
37 - 2.3 16.3 0.0 3.2 15.4 0.0 
38 - 0.8 19.3 0.0 23 27. 0.0 
39 - 0.7 19.5 0.1 2.3 17.2 0.0 
49 0.02 = - - - - - 
41 oO. - - - - = & 
42 0. - - - - - - 
43 oO. é - = - - = 
44 0.01 - - - - - - 
45 - 0.5 19.8 0.0 204 17.2 0.0 
46 - 0.5 19.5 0.0 20h 17.0 0.0 
AT - - - - Ael U9 0.0 
nea ESE 


Test Results. The detailed results of the combustion-chamber 
tests are presented in Tables 1 and 2, while the efficiency measure- 
ments are summarized in Fig. 6, Above fuel-supply rates of 2.5 
< 108 Btu per hr, the combustion-chamber efficiency remains 
above 99 per cent, up to the maximum load carried in these tests, 
6.5 X 10° Btu per hr. The limitation on the maximum load was 
imposed, not by oil-supply capacity or- combustion conditions, 
but by the necessity of limiting the temperature of the discharge, 
which was vented to the atmosphere through mild-steel ducts. 

This maximum represents about 35 per cent of the full-load 
heat input of the high-pressure chamber in the gas-turbine set. 
Tests on the chambers installed in the gas-turbine set, in which 
rates up to the design full-load condition have been carried, indi- 
cate no decrease in combustion efficiency as the load is further 
increased. Of course, these tests are not of as high precision as 
those on the experimental combustion chamber because of the 
impracticability of accurate measurement of air flow, and the lack 
of checks on temperature measurements. A significant result is 
that neither the stability of operation, nor the combustion effi- 
ciency is affected by the presence of products of combustion in 
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the inlet air, or by the reduction of the oxygen content of the inlet 
air to 16.3 per cent on the dry basis, corresponding to about 15.6 
per cent before condensation of moisture. 

As the combustion rate is decreased the efficiency of the cham- 
ber appears to fall off to about 81 per cent at a heat-liberation rate 
of 0.7 X 104 Btu per hr, the lowest stable combustion rate that 
could be maintained. At the lowest rate the radiation from the 
outside shell of the chamber accounts for approximately 5 per 
cent of the heat supplied by fuel, while incomplete combustion 
accounts for only 1 per cent or so more. The remainder of the 
apparent loss, amounting to about 14 per cent of the heat in 
the fuel at the lowest rate, is unaccounted for and must be as- 
cribed to inaccuracies in the measurements. 

Preliminary tests had shown that the pressure loss of the air 
passing through the chamber amounted to approximately one 
velocity head of the fluid at the entrance to the chamber. These 
tests were made in a chamber lacking the transition and elbow 
at the discharge of both the experimental chamber and those in 
the gas-turbine plant and were not of a high order of precision. 
The tests reported in Table 1 confirmed this result, however; they 
also permitted the formulation of a relatively precise expression 
for the loss in pressure. Study of the data by the methods of cor- 
relation analysis (13) showed that the pressure drop was de- 
pendent upon the velocity head of the gas leaving the combustion 
chamber, as well as that at the entrance. Since the quantity of 
fluid is essentially the same at entrance and exit, these velocity 
heads are simply related through the ratio of the absolute tem- 
peratures at the two sections, designated here as 8. Using this 
convention, the results of these tests may be expressed 


p = (0.3608 — 0.077)hi 


where 
p is static pressure drop in any convenient units 
hy is velocity head at combustion-chamber inlet in same 
units 


T. 
= is ratio of absolute temperature of air leaving to 
i 


that entering the chamber 


B= 


This expression represents the data of Table 1 to within about 9 
per cent and was used to predict the performance of the chambers 
for the gas-turbine plant. 

Stratification of the gas stream with respect to temperature has 
been the most troublesome characteristic of the combustion 
chamber. The difference in temperature across the gas stream 
may amount to 50 per cent or more of the average temperature 
rise. Temperature traverses have shown that the hot spot is 
always displaced from the center line toward the inlet of the 
chamber. It is curious that the chamber may operate consis- 
tently with low stratification at one speed of the turbine and just 
as consistently with high stratification just a few hundred revolu- 
tions higher or lower. Further investigation of this characteristic 
is being made. 

The highest metal temperatures occurring in the chamber are 
those of the ignition cone. Temperatures of the inner shell were 
also measured during the early runs on the experimental chamber, 
but the couples at these positions were broken, before the tests 
reported here were run, by the axial movement of the inner shell 
relative to the outer shell accompanying heating up and cooling 
down. They remained in place long enough, however, to show 
that the shell at no point exceeded the temperature of the ignition 
cone. Immediately in front of the cone, at the inlet side, the 
shell temperature usually approached the maximum cone tem- 
perature. The variation of the average ignition-cone tempera- 
ture with the load on the chamber is quite regular, as shown in 
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Fig. 7. The results shown here may be generalized by the con- 
clusion that at no point in the chamber does the metal temperature 
exceed the chamber discharge temperature by more than 300 
deg F, under any condition of operation, 


Nores ON THE DEVELOPMENT 


Work on this project started late in 1942, with an attempt to 
design a combustion chamber that would fit the space require- 
ments of the proposed plant layout. Several designs following 
more or less conventional practice were completed and chambers 
of mild steel were built for testing in an outdoor test stand. 

In these conventional chambers combustion air was separated 
from tempering air by a metal shell (2) since it was thought that 
the large amount of excess air would quench the burning of the 
fuel. The largest part of the air passed around this shell while 
combustion air was admitted to the burner end of the shell 
through a variety of registers, most of which were equipped with 
adjustable vanes, as in boiler practice. A “spinless’’ register 
was also built, in which the primary air was admitted between 
two coaxial cones, which produced much more stable ignition in 
a smaller volume of the chamber than did any of the others. It 
was also found that such stable ignition was essential, with either 
continuous or intermittent injection of the fuel, to reduction of 
the flame length. This register was the elementary form of the 
ignition cone now in use. 

Of the chambers proper, those haying circumferential slots 
which admitted air axially along the walls of the inner shell were 
found to produce very long flames, while those having round 
holes producing radial jets gave short flames but required rela- 
tively larger pressure drop. The “elbow” form of chamber was 
produced fortuitously by the removal of all inner shells in an 
attempt to reduce pressure drop. ) 
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A Comparison of Operation of Forced- and 


Natural-Circulation Boilers 


By G. F. ROSS! ann LEONARD WILKINS,? KOBUTA, PA. 


Steam-generating facilities at the Koppers Company, 
Incorporated, Butadiene Division, Butadiene-Styrene 
Chemical Plant, at Kobuta, Pa., include two types of 
units; natural-circulation boilers and the first forced- 
‘circulation boiler to be installed in the United States for 
industrial-plant processes. Since plant operation began 
in the summer of 1943, this installation has afforded boiler 
operators an opportunity to compare the operating char- 
acteristics of the two types. This paper describes briefly 
the design and operating features of these steam gener- 
ators, together with some of the difficulties encountered 
and how they were overcome. 


HE installation of a controlled forced-circulation boiler unit 
adjacent to three natural-circulation boiler units of identical 
rating at the Koppers Company, Incorporated, Butadiene 
Division, Butadiene-Styrene Chemical Plant? has afforded boiler 
operators an opportunity to compare the operating characteristics 
of these two types of steam-generating units. Boiler designers 
and operators are naturally interested in the first application in 


1 Assistant Superintendent of Utilities, Koppers Company, Inc., 
Butadiene Division. 

2 Maintenance Engineer, 
Division. 

3 This plant is operated by Koppers Co., Inc., Butadiene Division, 
an agent for the Reconstruction Finance Corporation, Office of Rub- 
ber Reserve, Washington, D,. C. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 26-29, 1945, of THe AmeERICAN 
Society or MrecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 
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this country of a forced-circulation boiler unit to supply steam 
for industrial-plant processes. The steam-generating facilities 
at Kobuta were built at a time when the steel demand for other 
urgent war needs was at its peak; the Government directed that 
a forced-circulation boiler unit should be installed. Plant opera- 
tions began in June, 1943, with one natural-circulation boiler; in 
August, 1943, the forced-circulation unit was placed in service. 

It will be the endeavor of this paper to describe briefly the 
design features and compare the major operating differences 
between the two types of steam-generating units and to outline a 
few of the operational difficulties that accompany boiler gener- 
ators of this type. Problems attendant to starting up the units 
for the first time are intentionally omitted, as boiler designers 
and operators are well aware that initial operating difficulties 
rarely recur after the difficulty is once remedied. All boilers in- 
stalled at this plant met the manufacturers’ expected-performance 
specifications and this paper will deal only with problems arising 
after acceptance. 

It is well to point out that operating personnel was obtained 
several months prior to operations, in order that start-up of the 
boiler units could proceed without delay. Operators observed 
the complete erection of each boiler unit with its auxiliaries, and 
supervisors conducted short classes with operators to familiarize 
them with the operating characteristics of each boiler. The wis- 
dom of such a procedure was illustrated by the ability of the 
operators to start up each unit as it was completed and maintain 
it on the line as a reliable steam source for plant process. The 
start-up of the forced-circulation unit was no more of an event 
than that of the natural-circulation units, as operators had be- 
come accustomed to its unconventional design. 
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It is beyond the scope of this paper to present in detail the 
design data of these boiler units. Aside from a secondary interest 
in these data, boiler operators are primarily interested in the 
operating characteristics, availability, water control, and main- 
tenance of their steam-generating units. A description of the 
physical layout of the steam plant is included to better acquaint 
the reader with its size, design features, and operating conditions. 
It must be remembered that war regulations prohibited extensive 
refinements in this steam plant, and these limitations were met 
remarkably well. 

The time limit of construction and operating date prohibited 
exhaustive studies in layout and operating equipment. That the 
plant has produced steam consistent with high demand attests to 
the ability of the designers and operators to meet the wartime 
limitations. Most boiler operators will agree that boiler auxili- 
aries present more operating difficulties than the actual furnace, 
and it is well to note that in this case the boiler auxiliaries are not 
as a whole duplicated in each of the types of boilers. No attempt 
will be made to compare these auxiliaries, but the inclusion of the 
operation of the forced-circulation pumps is made, since it is 
considered an integral part of the forced-circulation boiler unit. 

It is not the intention here to present data to influence the 
selection of any particular type of boiler unit. Boiler operators 
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pride themselves on being able to fire any type of steam-generat- 
ing equipment and to secure from it the maximum possible effi- 
ciency and reliability. After two years of experience with each of 
these types of boilers, it is possible to make a comparison of their 
operation and to present to those interested a summary of our 
experience at Kobuta. 


DESCRIPTION OF PLANT AND BorLeR AUXILIARIES 


The original steam plant consists of four 350,000-lb per hr 
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boilers, designed for superheater-outlet conditions of 725 psi 
pressure and 750 F temperature. The first is a Combustion 
Engineering Company single-drum controlled forced-circulation 
boiler, Fig. 2, and the other three are Babcock & Wilcox Company 
two-drum, radiant-type, natural-circulation units, Fig. 3. Operat- 
ing experience indicated that the capacity of ieee boilers was 
not sufficient to supply all the steam demanded by the chemical- 
process units with one boiler off the line for inspection and main- 
tenance. Accordingly, a fifth boiler of 180,000 lb per hr capacity 
at 450 psi pressure without superheat was installed. This latest 
addition is a Combustion Engineering Company four-drum 
natural-circulation unit. Total steam-generating capacity availa- 
ble from the five boilers is 1,580,000 Ib per hr. The four high- 
pressure units are housed in a reinforced-concrete boilerhouse, 
approximately 130 ft high, while the low-pressure unit is installed 
in a separate annex at the south end of the original concrete 
boiler room. No further reference will be made to the smaller 
natural-circulation unit and its auxiliaries. 

Draft equipment for each of the high-pressure units is identical, 
consisting of one induced- and one forced-draft fan per boiler, 
with turbine drives. An important factor in selecting boiler 
capacity was the limitation of draft equipment to single fans per 
boiler so as to require a minimum number of reduction-geared- 
turbine drives, an extremely critical item during the construction 
period. Fly-ash collection equipment is within the induced-fan 
housings, thus minimizing the use of steel. Each boiler is equipped 
with a Ljungstrém air preheater. A combination of two coal-and- 
gas, and two coal-and-oil burners fire the forced-circulation boiler. 
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Natural-circulation-boiler furnaces are equipped with six combi- 
nation coal-and-oil, and two separate gas burners. All furnaces 
are dry-bottom, with intermittent ash-sluicing facilities, and con- 
tinuous ash sprays. The forced-circulation unit is equipped with 
two Raymond bowl mills, with integral exhausters, and the 
natural-circulation units are fired with two Hardinge-type ball 
mills, with remote exhausters located on the operating floor. 
Suitable feed pumps are installed in the pump bay on the ground- 
floor elevation. These consist of five units, i.e., three turbine- 
driven, one motor-driven, and one combination turbine-and-motor 
dual-drive unit. 

Steam at 700 psi and 750 F goes to a 35,000-kw turbogenerator 
which exhausts at 165 psi back pressure for chemical-plant- 
process requirements. Total plant electrical load approximates 
14,000 kw, the excess electrical energy going into the local utility 
system. Exhaust steam leaves the turbine discharge and passes 
into two 24-in. lines at 165 psi and 460 F, which maintains slight 
superheat to the farthest end of the process-plant distribution 
lines. Part of this steam is reduced to 75 psi for process, as needed. 
In order to furnish 165-psi steam with a turbine or utility tie-line 
outage, desuperheating and pressure-reducing stations are in- 
stalled between the boiler headers and exhaust lines. Any sudden 
interruption to exhaust-steam supply operates these stations 
through master controllers. Desuperheating water is supplied 
from the condensate system through special pumps installed at 
the feed-pump bay. 

Main high-pressure boiler-plant piping is so arranged that 
boilers may be isolated into two separate generating systems, each 
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containing its own feedwater, steam-generating, and blowdown 
facilities. The forced-circulation main steam lead and one of the 
natural-circulation units are tied to a common header with the 
remaining two high-pressure units discharging into a similar 
header. The turbogenerator is fitted with double inlet valves, 
one from each main boiler header. 

The blowdown system consists of two separate series of high- 
and low-pressure flash tanks, from which 165-psi and 10-psi steam 
is supplied to the high-pressure heaters and to the deaerators, 
the effluent being sewered through the blowdown heat exchangers. 
It has been noted that during peak loads and high rate of blow- 
down, approximately 50 per cent of the 165-psi steam require- 
ments for the high-pressure heaters is met by the high-pressure 
flash steam. The feedwater flow is illustrated in Fig. 4. 

Coal comes to the plant by rail, truck, or barge. Belt conveyers 
transport it from unloading points to storage or directly into 
the crushers where it is sized to %/, in. or less, before entering the 
bunker house. A feeder tripper distributes coal into eight 250-ton 
hoppers from which it drops by gravity, through automatic 
scales to mill feeders and pulverizers at each boiler. Furnace 
volumes permit carrying full boiler load on coal alone, consuming 
1500 to 1700 tons per 24 hr for the four large boilers. All-electric 
combustion control is duplicated on all boiler units, regulating 
air and coal feed according to steam demands. Hand preadjust- 
ment of the control mechanism assures sufficient combustion air 
for oil and gas. 

Feedwater-pump- and draft-fan-turbine exhaust goes to two 
deaerating feedwater heaters that handle both return condensate 
and raw make-up. A reducing valve from the main-turbine ex- 
haust supplies any deficiency. The high-pressure closed heaters 
receive steam directly from the main-turbine exhaust, supple- 
mented by flash from the blowdown system. 


WATER-TREATING FACILITIES 


Treating-plant equipment and basins are located adjacent to 
the powerhouse in a separate building and connected to the sta- 
tion by a pipe tunnel. Ohio River water is fed into three Spauld- 
ing precipitators in the water-treating plant through a 20-in. 
line. The raw-water flowmeter controls the rate of chemical in- 
put. Lime, soda-ash, and copperas solutions are fed by indi- 
vidual pumps into the inlet flume of the precipitators. At the 
maximum rate of flow through the precipitators, the detention 
time is 90 min. The water, having been clarified and partially 
softened in its passage through the precipitators, flows by gravity 
to six Anthrafilt filters. The filtering capacity is 3900 gpm and 
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the flow of water through the filters is regulated by rate-of-flow 
controllers. In leaving the filters, the water is discharged into an 
acid-mixing chamber before passing into a filter clearwell, and a 
pH value of 8.3 is maintained to prevent deterioration of the 
zeolite in the final softeners. 

After the water is clarified, partially softened, filtered, and 
acidified to the correct pH, it is pumped to six gravity-flow 
zeolite softeners. The design of the equipment was based on a 
hardness of 55 ppm from the filter clearwell. With this capacity 
setting, each unit is capable of softening about 770,000 gal of 
water in each regeneration. The zeolite operates in the sodium 
cycle with rock salt for preparation of the solution. The treat- 
ing process is capable of delivering the required boiler make-up 
water to the boilerhouse with a residual hardness rarely exceed- 
ing 2 ppm even during periods of peak hardness of the raw water. 

Make-up water is pumped from the soft clearwell to two de- 
aerators located in the boiler plant. Each deaerator is designed 
to operate at a pressure of 10 psi with a guarantee to remove the 
oxygen from 900,000 lb of feedwater per hr. To protect the equip- 
ment from corrosion attack, sodium sulphite is fed into the de- 
aerator storage tank. Caustic soda is also added at this point to 
maintain a safe pH value in the feedwater, as it passes through 
the feed pumps and high-pressure heaters. Caustic-soda feed is 
also used to maintain the specified alkalinity range in the boiler 
water. Sodium-metaphosphate solution is fed directly into the 
upper drums of the four boilers to satisfy demands of residual 
hardness of the boiler feedwater and acts as a sludge-forming 
accelerator. Hach boiler is equipped with a boiler-water-sample 
cooling coil located at the upper drum, and two Straub condensers , 
with conductivity cells and recorders are provided to obtain a 
continuous check on the quality of steam leaving the boiler drum. 


CONTROLLED FoRCED-CIRCULATION UNIT 


The sectional view of the forced-circulation unit shows no 
lower or mud drum. Forced circulation eliminates the need for the 
lower drum with its interconnecting generating surface necessary 
to set up circulation between the lower and upper drums. Boiler 
feedwater enters the single drum after passing through the 
economizer which is located in the upper section of the convection 
zone, immediately below the air preheater. The feedwater is 
introduced into the drum through a submerged pipe which ex- 
tends the entire length of the drum, discharging the water through 
perforations. Two 10-in. downcomer pipes, located about 6 ft 
from each end of the drum, carry the water down to the circulat- 
ing pumps. These downcomer openings are protected by wire 
screens as mechanical protection for the circulation-pump 
impellers and are also fitted with downtake spiders to eliminate 
vortex formation. 

The circulating pumps are 10 X 10 Allis-Chalmers horizontal 
single-stage type, Fig. 6, rated at 4500 gpm, 151 ft head, 517 F, 
and suction pressure of 800 psi. They have an end suction and a 
side discharge and are driven by horizontal steam turbines 
through a Fast ‘spacer’ coupling. Ball-thrust bearings absorb 
all the thrust load of the pump. Through close co-operation be- 
tween the representatives of the boiler and pump manufacturers, 
the pumps are so designed to maintain a constant and unfailing 
flow of water through the boiler and to operate continuously and 
without interruption, in order to protect the boiler tubes. To 
facilitate removal of the rotating element, there has been incor- 
porated in the design of the pump a casing cover, or end head, 
through which all the internal parts of the pump can be removed. 
A close-clearance bushing directly behind the pump impeller is 
used with “bleed-in” and “bleed-off’connections to reduce the 
temperature and pressure on the stuffing box. The bleed-in 
connection permits a water flow of 20 gpm at 240 F and 900 psi 
from the boiler feed pump discharge main to enter the inner end 
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Fie. 6 Forcnp-CirrcuL,atrion-Borter Pump 
(Rated at 4500 gpm, 151-ft head, 1500 rpm, 517 deg F; suction pressure 800 psi.) 


of the reducing bushing. This flow of water at a pressure higher 
than pressure in the pump maintains a water flow at 240 F out 
of the bushing into the pump, instead of the hot boiler water in 
the pump flowing back toward the packing. About 2 gpm of 
240 F water flows into the pump, and the remaining 18 gpm is 
bled off through the bleed-off connection. By this arrange- 
ment it is possible to pack against a low pressure and low tem- 
perature, rather than against the normal boiler pressure and 
temperature. Further reference is made to this feature later in 
the text. 

The circulating pumps located on the ground floor with- 
draw water from the drum and discharge into a loop which supplies 
water to wall-distributing headers. Two of these headers supply 
the burner and rear-wall tubes, two supply the central section of 
the side walls, four others supply the, outside sections of the side 
walls, and the remaining one supplies water to the secondary 
generating section. 

Flow of water from the headers to the wall and secondary- 
generator tubes is controlled by a series of combination orifice 
strainers, consisting of a nipple approximately 6 in. long per- 
forated by 3/,.-in. holes and drilled with a control orifice. The 
arrangement is such as to permit removal of the orifice strainers 
from the headers for inspection and cleaning. One orifice strainer 
serves a tube nozzle which is trifurcated for the three wall tubes 
which arise from it. A total of 276 strainer orifices are provided 
to supply 183 tubes on each of the burner and rear walls, 198 
tubes on each of the side walls, and 32 tubes in each section of the 
secondary generator located immediately below the economizer. 
Front- and rear-wall tubes lead directly into the top of the drum 
above water level, while the side-wall and secondary-generator 
elements collect. into headers and pass into the drum through 4-in. 
risers entering the drum above the water level. 

The 54-in-drum internals are so arranged that the water-steam 
mixture is first directed downward by a deflector baffle at the 
tube entrances. The flow is then reversed in direction permitting 
the water to separate from the steam. This reversal permits the 
steam part of the mixture to continue directly to the screen 
driers, while the remainder of the mixture bubbles through a sub- 
merged screen below the water level. Steam at relatively low 
velocity passes through three sets of screen driers for the complete 
removal of any entrapped moisture. In leaving the drum, the 
steam passes around deflector plates located directly under the 
tubes leading to the superheater. 

The superheater element hangs directly in the gas stream at 


the entrance to the convection section and is protected by a slag 
screen 6f staggered front-wall tubes, three rows deep. Com- 
bustion gases pass out of the furnace through the front-wall 
screen, across the superheater bank, through the convection bank 
containing two sections of generating tubes, and through the 
economizer. The last banks are supported on water-cooled beams 
which are part of the secondary-generator circuit. Soot is re- 
moved below the superheater, and by the dust collector in the 
induced-draft-fan housing. 

It will be noted that in the forced-circulation unit there is no 
need for generating tubes to be suspended in the gas passes and 
baffles for routing gas flow are not required. The forced-circula- 
tion unit thus approaches a favorable design of gas passes and 
tube arrangement to overcome any fly-ash erosion difficulties. 

Boiler dimensions of the forced-circulation unit are given in 
Table 1 


TABLE 1 FORCED-CIRCULATION-UNIT DATA 

Furnace volume, cu ft gross......... 25,400 
Boiler heating surface, sq ft 4,510 
Waterwall surface, sq ft... 8,470 
Superheater surface, sq ft. ; 4,430 
Economizer surface, sq ft........... _ 9,830 
Air preheater surface, Ey Biigaean oes 38,900 

36,643! 
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54” diam X 28’-914” long 
11/4” OD X 0.120” wall thickness 
11/4” OD X 0.150” wall thickness 


Narurat-CrrcuLation Units 


As noted by the sectional side view, Fig. 3, the natural-circula- 
tion boilers have two drums with pendant superheater. Feed- 
water enters the upper drum through a perforated pipe below 
the water level and passes down to the mud drum through intercon- 
necting generating and heating tubes. Water is then distributed 
to the waterwalls through eight headers located at the bottom of 
the furnace. Two of these supply front and rear walls, two supply 
the center and rear section of the side walls, and the other four 
supply the front sections of the side walls. Rear- and front-wall 
tubes terminate directly in the steam drum entering below water 
level. The side-wall tubes terminate in headers at the top of the 
furnace and continue to the drum by risers entering the drum 
above water level, but inside the internal baffle compartment. 

The 60-in-drum internals cause the water and steam mixture in 
the wall and generator tubes to enter a baffled compartment from 
which the mixture passes tangentially into 44 cyclone steam 
separators. As a result of the whirling action of the cyclones, the © 
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water is directed downward while the steam passes upward 
through the corrugated scrubber elements for further removal of 
moisture. In leaving the drum the steam passes through a twin- 
type steam scrubber where the last trace of moisture is removed. 
The natural-circulation boilers are not equipped with economizers. 
The convection bank and superheater elements are protected 
from direct radiation by a water-cooled arch extending approxi- 
mately halfway into the furnace, immediately below the mud 
drum. 

Attention is called to the baffle arrangement as shown in the 
sectional view, Fig. 3. The baffle between the first and second 
pass is of tile construction. The upper section of the baffle sepa- 
rating the second and last pass was originally as shown in Fig. 3 
and is also of tile construction, the sloping portion being of the 
poured type, and the lower section again of tile construction. In 
recent months two generating-tube failures have occurred on 
two of these natural-circulation units due to fly-ash erosion of the 
tube metal. In the first case, leakage of dust-laden gas through 
the baffle, separating the second and last pass, seriously eroded 
the generating tubes directly behind this baffle, a short distance 
below the top drum. In the other case, concentration of fly 
ash sweeping down the slope of this same baffle eroded tubes in 
the row just ahead of this baffle at a point just below the baffle 
slope. Baffle changes have been completed on all thr@e of the 
natural-circulation units by making the entire baffle vertical 
from the drum downward. This arrangement should overcome 
both difficulties as well as afford convenient access to the furnace 
for inspection of the baffle for leakage. Soot is removed at the 
second pass of the convection bank at mud-drum level, as well as 
by collection in the induced-draft fan similar to the forced-circula- 
tion unit. \ 

Boiler dimensions of the natural-circulation units are given in 
Table 2 


TABLE 2 NATURAL-CIRCULATION-UNIT DATA 
Boiler heating surface, sq ft........ 


Waterwall surface, sq fEneinte ae 6,367 
Superheater surface, sq ft.......... 4,030 
Total steam-generating surface, sq ft 31,007 
Air-heater surface, sq ft............ 8,600 
Volume of combustion space, cu ft.. 29,900 
Operating water volume, lb......... 150,680 


31/4” ODX< 0: Aa wall thickness 
60” diam. X 30’ long 

42” diam. X 29’ long 

24%” OD X 0.170” wall thickness 
2%” OD X 0.170” wall thickness 
4 "OD X 0.213” wall thickness 
2144” OD X 0.148” wall thickness 


Front-wall tubes 
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OPERATING CONDITIONS 


During the latter part of 1943, the entire year of 1944, and the 
first quarter of 1945, the directed rate of chemical production 
demanded a peak steam load of 1,300,000 lb per hr, with an in- 
stalled capacity of 1,400,000 lb per hr at that time. It was the 
responsibility of the boiler operators to maintain maximum steam 
generation under extreme varying conditions. Boiler outages 
were purposely kept to an absolute minimum by maintenance 
forces on a 24-hr schedule to keep the boiler units in operating 
service. Initial planning called for scheduled outages of boiler 
units each 6 months, but revisions were made on first inspections 
and subsequent tube failures to remove the forced-circulation 
boiler from the line each 60 days for inspection, and the natural- 
circulation units each 180 days. This schedule was adhered to 
during the entire period of peak steam demands. 

The complexity of the butadiene-styrene chemical process, 
with its large number of stills, compressors, and heat exchangers, 
imposed on the boilers the requirement of maintaining correct 
pressure and temperature at all times. The chemical process is 
extremely sensitive to variations in steam conditions and slight 
steam upsets curtail chemical production. During boiler diffi- 
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culties, when generating capacity could not maintain proper 
steam conditions, operators were reluctant to drop steam de- 
livery to process because subsequent readjustment to normal 
production rate would require 24 to 48 hr, in addition to entailing 
large losses of raw materials. The boilers were called upon to re- 
cover from adverse conditions promptly and in most cases, boiler 
operators were able to maintain a continuity of steam flow to the 
process units. 

In contrast to the operation and performance of a boiler under 
central-power-station conditions where make-up water rarely 
exceeds 2 per cent, and where even this amount is supplied by 
evaporation, boiler make-up here at Kobuta has been of the order 
of 60 to 70 per cent due to process-steam requirements. These 
steam requirements necessitate discarding two thirds of the steam 
condensate in process wastes. 

Ohio River water, which is the raw-water source, contains 
principally sulphate salts and is generally slightly acid in nature, 
with a pH of 6.5. Total hardness for the major portion of the 
year ranges between 70 and 90 ppm expressed as calcium car- 
bonate. 

In Table 3 the analysis given for Ohio River water may be 
considered as being the average. 


TABLE 3 TYPICAL ANALYSIS OF OHIO RIVER WATER 


Ppm 
Bicarbonate (HCOs) a 
Sulphate (SOx) 96 
Chloride (Cl)........ ae 15 
Siliea/(Si@s)\. ras seastetsin es 5 
Tron: (Be) yoshi foe oer eA cea ep ere eee varc atten oper ERS ene nee eee: 4 
Caloiunir (Ca): .i0.<sjesecste isis sinyals me hcmes sco) ohacl <cak ae olene neh ay ennane eee 23 
Magnestiim (GM) ieaccs cueietscecarerss cesparetttnar etererctene tenses iaret stent eater es ena 5 
Sodiumii(cale) Na) ade eee te re EN ERT Rs Or 23 
Suspended-solidsys-\ sco. (sens, cebeneld cts nia acres ana eke ste seneteuaiie ev akenere roe tcaens 17 
Total dissolved  solidel 8): .cudiantaia eee as sete aero eMeeee et an, ene tne ae 195 
Soap‘hardnessas:CaC Osi ccrc eecorte  oer  e eae noe Ce 78 


Composition of the water is subject to wide variations in hard- 
ness and dissolved solids, as shown in Fig. 4. During the 2 years 
that the plant has been in operation, control of water conditioning 
and céntinuity of operation have been maintained under condi- 
tions where hardness of the water has fluctuated from a low of 60 
ppm during the winter and early spring seasons, to a high ex- 
ceeding 250 ppm during periods of low river flow. Similarly, 
dissolved solids fluctuated from a low of 100 ppm to a high ex- 
ceeding 600 ppm. Obviously with boiler make-up exceeding 60 
per cent, and with solids concentrating in the boilers in a very 
short time during periods of peak dissolved solids, conditions 
exist which tax a conventional natural-circulation boiler to the 
limit and impose on the operation of a forced-circulation unit the 
additional measures necessary to prevent an accumulation of 
suspended matter at its control orifice strainers great enough to 
cause tube failures. Blowdown equipment is adjusted to main- 
tain a dissolved-solids content of 2000 ppm in the boiler water. 

On the basis of the average analysis of raw water in which dis- 
solved solids were 178 ppm a blowdown of 10 per cent was ex- 
pected. As most of the heat-recovery equipment was designed - 
to handle this quantity, the blowdown facilities were vastly over- 
loaded when it became necessary to blow down 380 per cent of the 
feedwater in order to maintain the desirable boiler-water condi- 
tions when the dissolved solids in the raw water exceeded 600 ppm. 
After installing larger blowdown valves and pipes, and with the 
continuous-blowdown equipment operating at maximum, it is 
still necessary to supplement this with continuous blowing of the 
mud drums. With the installation of the fifth boiler, blowdown- 
equipment arrangements can be made to modify the blow- 
down lines in such a manner as to recover the heat normally lost 
in the use of the mud-drum blows. 

Residue oil and gas furnished from the process units is ‘de- 
livered to the boilerhouse for burning in combination with the 
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coal obtained from the local bituminous mines. Normally, 
moisture content of the coal does not exceed 4 per cent, but there 
have been periods during transportation difficulties, when 10 to 15 
per cent moisture coal has been delivered to the pulverized-fuel 
equipment; such periods occurring when steaming capacity was 
ata premium. While the ability to satisfy steam demand under 
these moisture conditions is a function of the fuel-burning and 
handling auxiliaries, boiler operators were called upon to adjust 
boiler ratings continuously to maintain proper pressure and load- 
ing. These periods made it possible to observe the individual 
boiler response to the demands for steam to process. That no 
particular difference between the boiler units was found might be 
surprising to those who believe that the forced-circulation unit 
responds and recovers load in less time than the natural-circula- 
tion units of the same capacity. With the units equipped with 
different types of mills, any indication of such conditions might 
be attributed to the mill performance rather than to that of the 
boiler. 

Local strip-mined coal, ranging in quantities of 25 to 50 per cent 
of the total fuel, has been fired in all boilers. Two generating-tube 
failures and severe erosion of generating tubes in the natural- 
circulation boilers have led several consultants to consider these 
conditions to be the result of the high silica content of the ash of 
this strip-mined coal. 


OPERATING CHARACTERISTICS 


The forced-circulation boiler, with 1!/,-in-OD wall tubes and 
only one drum, ‘has considerably less-water in it than the natu- 
ral-circulation unit has, with two or more drums and larger-di- 
ameter wall and generating tubes. The forced-circulation boiler 
holds approximately 37,000 lb of water at steaming level, com- 
pared to the natural-circulation boiler which holds 155,000 lb, or 
nearly 41/, times as much. This causes a greater sensitivity in 
the forced-circulation boiler to changes in feedwater conditions 
or changes in controls. 

With the natural-circulation boiler operated at 350,000 lb of 
steam per hr for a period of 2 hr with the blowdown completely 
shut: off and with 400 ppm dissolved solids in the feedwater, an 
increase of 1800 ppm in the solids concentration of the boiler 
water would result. This added to the normal 2000 ppm carried 
would mean a total concentration of the boiler water of 3800 ppm. 
Actual operating data indicate that these boilers can be operated 
at 400,000 bb per hr with 4000 ppm dissolved solids. Should the 
continuous blowdown be completely shut off on these natural- 
circulation boilers, no serious results would be experienced before 
the boiler operators could remedy the condition. 

In the case of the forced-circulation unit under the same condi- 
tions, the concentrating effect of evaporation would result in a 
total dissolved solids content of 9600 ppm. At a steam rate of 
350,000 Ib per hr, solids carry-over would probably begin with a 
concentration of 5000 ppm and would doubtless be experienced if 
the blowdown were stopped for only !/2 hr. 

To be reasonably free from upsets of the nature described, 
analyses of the boiler waters are made every 2 hr, total solids 
being checked by the conductivity method. In so far as the 
natural-circulation boiler is concerned, this 2-hr frequency is ade- 
quate to detect any major change in conditions before the results 
become serious. Such is not the case in the forced-circulation 
unit. Carry-over has been experienced on several occasions with 
the forced-circulation unit as a result of rapid increase in solids 
concentration, the carry-over being detected by means of the 
steam-temperature recorder. 

Arrangements are being made to install a conductivity recorder 
on all the boilers, recording total solids in the continuous blow- 
down. Especially in the case of the forced-circulation boiler, 
where the quantity of water at steaming level is relatively small 


and where the percentage make-up is relatively high, a conductiv- 
ity apparatus recording total solids should be installed as standard 
equipment: with the boiler. 

Natural-circulation units depend on differences in specific 
gravity to set up circulation; and as a result, circulation rates 
vary with changes in rating or changes in heat input. In the 
forced-circulation boiler the rate of circulation is fixed and con- 
trolled by means of centrifugal pumps which take the water 
from the main drum and discharge it to distribution headers where 
it enters the tubes through control orifices. These orifices are so 
sized that a reasonable pressure drop is experienced across them 
and good control of distribution is the result. 

It is natural to expect that a centrifugal pump installed in the 
boiler-water circuit would be regarded as an outstanding weak 
point in the entire system. In actual practice, this has not proved 
to be the case at Kobuta. To date there has been no instance of 
circulation failure due to the pumps. The forced-circulation unit 
is equipped with two pumps, one operating at rated speed and 
load, the other idling at approximately 400 rpm. The original 
installation required manual operation to place the idling pump in 
service should the loaded pump fail. This arrangement made it 
mandatory to station an operator at the pumps at all times. 
Physical layout has placed the pumps remote from the boiler 
feed pump bay, and in the future, boiler-installation designers 
might consider locating a forced-circulation boiler in such a man- 
ner that the circulation pumps can be attended by the normal 
boiler feed pump operator or water attendant. The usual inter- 
locks for tripping the coal-pulverizing mills when the pump 
differential reaches the low limit were provided, but this feature 
was removed shortly after the unit went into service, because of 
the feeling that the pump attendant was sufficient protection. 

The stationing of the pump attendant was regarded as a stop- 
gap measure for emergency protection of the boiler, and at pres- 
ent quick-opening steam valves have been installed to bring the 
idling pump to full speed and rating automatically. The control 
for these valves is taken directly from a differential-pressure con- 
troller. On occasions when upsets resulted in low steam pressure 
to the pumps, and pump differential reached the low safe limit, 
the idling pump was automatically put in service in a very satis- 
factory manner. It is now believed that with this feature added, 
and based on the performance of the pumps to date, the re- 
liability of the circulation system is assured. 

Efficiency and performance tests have indicated no outstand- 


TABLE 4 PERFORMANCE DATA OF FORCED-CIRCULATION AND 
NATURAL-CIRCULATION STEAM GENERATORS 


Forced- Natural- 
circulation circulation 
unit unit 
Steam output; dbopershr os cts sia. susie sistas eeiaree 352500 345000 
Temperature of air for combustion, deg F....... 90 106.3 
Temperature of feedwater to boiler, deg F....... 472 364 
Exit gas—COb2 content, per cent............-+-- 14.9 15.2 
Heat content of coal (as fired), Btu per lb....... 13695 13095 
LOAM LPLESSULE) Sl ceces cats aetna esis slsusis sie chad ae 720 722 
Air pressure at burners, in. water.............-- 1.92 2.8 
Draft in furnace, in. water........... 0.139 0.22 
Draft at boiler outlet, in. water...... 1.9 2.98 
Draft at economizer outlet, in. water. AUST + OSS 
Draft at air-heater outlet, in. water.. 6.81 10.65 


Steam temperature, deg F...........-....000-. 726 690 


Temperature of air leaving air heater, deg F..... 574 554 
Temperature of gases leaving boiler, deg F...... 1038 658 
Temperature of gases leaving economizer, deg F.. COT \ SRS e aR 
Temperature of gases leaving air heater, deg F.... 379 376 
Temperature of feedwater entering economizer, 

COT A a brid CT ReIOUI GE DIO Oi SOOM eee Z50h al Teng sites 
Corn asien space per lb of coal per hr, cu ft. 0.78 0.92 
~ Heat absorbed by water in economizer, Btu per ib. LSS PP te tersie.s 
“Heat absorbed by water and steam in boiler, Btu 

per lb.. b 742.3 864 
Refuse, per “cent of fuel ‘(as fired), ‘per cent....... 11.82 15 
Rate of heat absorption per lb of fuel, KB....... 11.54 10.95 
Rate of heat absorption per sq ft of steam-generat- 

ing-unit surface per hour, KB................ 1370: 11.47 


Efficiency of steam-generating unit, per cent..... 84.3 84.0 
Average draft loss, in. water............0.e0005 
Average air-pressure loss, in. water..........-.- 
Steam purity, ppm ytes cies aeisteemicteeetetensiaierene ert 0.6 oz! 
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ing differences in the two types of boiler units. Table 4 gives 
comparative test data taken from each of the boilers. These 
data are presented for general information and do not indicate 
performance under stable conditions. The forced-circulation 
and the natural-circulation units have been and are consistently 
operated at 85 per cent efficiency. Steam requirements for normal 
operation of the pumps of the forced-circulation unit amount to 
10,000 lb per hr, or 3 per cent of the boiler capacity. This power 
requirement imposes an additional loss of over-all steam output, 
resulting in a lower inherent over-all efficiency of the forced- 
circulation type of boiler unit. 

With the high make-up previously mentioned, and with the 
boilers being of necessity maintained on the line for considerable 
periods, it has been observed that the natural-circulation units 
form considerable sludge in the vicinity of the downcomer tubes 
at the top drum. In the forced-circulation unit, this sludge with 
additional scale particles collects on the orifice strainers tending 
to plug the control orifices. On two occasions this plugging of 
orifice strainers has resulted in tube starvation and failure. It has 
been particularly observed that at no time have scale particles 
been encountered on the natural-circulation units receiving the 
same feedwater and treatment. The exact location of the origin 
of these scale particles has not yet been determined, but they 
appear to form in the region of the distributing headers ahead of 
the orifice strainers. Chemical composition of these scale particles 
is identical with that of. the soft sludge which is formed in the 
natural-circulation boilers. 

Removal of the sludge is accomplished in the natural-circula- 
tion boiler by the conventional tube turbining of the downcomers 
with final removal at the mud drum. - Build-up of this sludge 
indicates that a scheduled outage once each 6 months is sufficient 
for its removal with little danger of serious difficulty for longer 
periods. In the forced-circulation unit, sludge and scale removal 
is accomplished by removing and cleaning all the orifice strainers. 
Past operating data indicate that sludge and scale particles in the 
forced-circulation unit require a boiler outage each 60 days for 
inspection, thus reducing its availability, as compared to the 
natural-circulation boilers. 

During internal inspections of the circulating pumps for the 
forced-circulation unit, it has been revealed that at times con- 
siderable build-up of scale takes place on the pump impellers 
with indications of scale breaking off and entering the orifice 
headers. As previously described, the circulating pumps have 
an arrangement of bleed-in and bleed-out connections which 
permit a small amount of boiler feedwater to enter the pump. 
Water consultants agree that under pH conditions existent in 
the feedwater, a reaction between the soluble phosphate present 
in the boiler water and the hardness present in the incoming 
feedwater results in a precipitation of calcium phosphate which 
forms a scale rather than the normal soft sludge precipitated in 
conditioned boiler water. It has been deemed advisable to main- 
tain this ‘‘in’’ leakage to the pump at a minimum, and differential- 
pressure regulating valves have been installed to maintain a 
constant differential pressure automatically in the bleed-in 
line to the pump over the circulating pump discharge pressure. 
Prior to this installation, manual adjustments were made with 
probable erratic results. 

In an effort to improve the availability of the forced-circulation 
unit, and to minimize the work required for sludge and scale- 


particle removal, two external strainer drums have been installed _ 


in each of the pump discharge lines as near as possible to 
the orifice headers. These strainers have openings of exactly the 
same size as those in the header orifice strainers, and each strainer 
has a free area more than twice that of the total for all the orifice 
strainers. These strainers were installed at a time when it was 
believed the scale particles were being formed between the steam 
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drum and the distribution headers, including the pump impellers. 
It was hoped these strainers would thus effectively remove all 
of the scale particles and cause scheduled boiler outages only to 
clean the external strainers. Results observed on two occasions, 
since installation, reveal conditions in general to be no better 
than prior to their installation. It is apparent that scale is formed 
on the distribution headers ahead of the orifice strainers, a region 
of non-heat-absorbing surface, a condition which is contrary to 
that found in the conventional boilers. No definite conclusion 
concerning scale formation at this location has been advanced, 
although suspicion has been pointed to velocities, to mechanical 
agitation due to the pumps, and to minimum chemical-reaction 
time in the drum. 

The apparent failure to remove the scale particles by mechani- 
cal means in the forced-circulation unit and the desirability of 
preventing sludge accumulation in both types of boilers has led 
all concerned to an attitude that the problem is one of chemical 
treatment and elimination of the formation of the sludge and 
scale rather than removal of scale particles after they have formed. 
A modified chemical treatment is now being used to overcome 
this condition and so far the results appear favorable. 

The forced-circulation type of boiler has proved to be much 
more stable than the natural-circulation boilers from the stand- 
point of water level with varying operating conditions. The fact 
that the forced-circulation boiler is equipped with an economizer 
which furnishes the feedwater to the drum at 480 F, as compared 
with 340 F feedwater entering the natural-circulation drum, is 
given as one factor for such stability. Another factor is that the 
rate of circulation is relatively constant for forced circulation at 
either maximum or minimum rating. This pumping rate is 5100 
gpm, or 1,900,000 lb per hr which gives a ratio of circulated water 
to steam of 5!/. to 1 at rated load. 

In a natural-circulation boiler the rate of water circulation 
increases with rating, probably resulting in considerable tur- 
bulence in the steam drum at higher load conditions. With a 
slight lowering in drum pressure due to suddenly increased steam 
demand, the volume of steam bubbles in the generating tubes 
will increase sufficiently to cause a rise in water level in the drum, 
since the generating tubes enter the drum below water level. 
Such a rise, often called ‘‘swell,” tends to upset feedwater regula- 
tion. This condition can only occur in the natural-circulation 
type of boiler unit. Consequently, the forced-circulation boiler- 
water level will be upset to a lesser degree by rapid and large 
load changes regardless of feedwater control than with the 
natural-circulation boiler. However, the’ natural-circulation 
units have, on a number of occasions, experienced load changes 
from 200,000 to 400,000 lb per hr without seriously upsetting 
water level and with no sign of carry-over. The ability of the 
operators and of the feedwater control to handle these conditions 
indicates that natural-circulation units can take rapid load swings 
without serious water-level upsets. 

The expectation that the forced-circulation pollen with its 
closely spaced 1!/,-in. tubes would present a nearly solid water- 
cooled metal surface to the furnace and that slag would not so 
readily adhere to this surface, has not been realized. Wall soot 
blowers were installed slightly above burner level to aid in re- 
moving this slag deposit. It appears that the greater number of 
spaces between the tubes for a given width of wall in the forced- 
circulation unit offers a larger number of points for slag to adhere, 
thus making it possible for the slag to bridge over more readily 
in this type of boiler than in the natural-circulation unit with 
larger wall tubes and greater spacing. With coals of the quality 
now burned, with an ash-fusion temperature between 2300 F 
and 2400 F, wall blowers or lancing will not be required for the 
Pepurelerculation units. 

Tube ruptures at different times on both types of units Aonded 
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the opportunity for boiler operators to compare urgency of remoy- 
ing the boiler from service. With chemical operating units un- 
able to reduce steam demand safely at a moment’s notice, the 
forced-circulation boiler, in one case, was kept on the line at full 
rating in excess of 3 hr, despite a complete wall-tube rupture. 
This type of boiler, with its relatively smaller-diameter tubes and 
small control orifice in the water inlet, in addition to the fact that 
the generating tubes terminate above the water level in the drum, 
can suffer a complete tube rupture without the necessity of im- 
mediate removal from the line. This is an extremely vital factor 
in chemical processes where shutdowns must be made in an 
orderly and safe manner. In the two instances when rupture oc- 
curred in a wall tube or generating tube on the natural-circulation 
units, 1t was necessary to take the boiler off the line immediately, 
resulting in pressure upsets to chemical process. A natural- 
circulation boiler, upon loss of any tube, immediately becomes 
inoperable. 


ConcLuUsSION 


In summarizing and outlining the characteristics found in these 
two types of boiler units at the Koppers plant, it is not the intent 
to suggest advantages or disadvantages of any particular type of 
unit. That the forced- and natural-circulation principles are 
radically different would of necessity present different operating 
characteristics. 

The forced-circulation unit has demonstrated particular 
operating assets as follows: 


1 The ability to suffer loss of a tube and continue to operate 
until other apparatus is brought on the line to take its place, or 
until load can be sufficiently reduced so that boiler capacity is 
not required. 

2 Water-level stability under conditions of rapid and large 
load changes. 

The natural-circulation units have particular operating assets 
as follows: 


1 Greater availability in comparison with forced-circulation 
type. 

2 Less sensitivity to changes in feedwater conditions, render- 
ing it more suitable for high make-up with high solids in the feed- 
water. 

3 Lower susceptibility to scale formation under equivalent 
feedwater conditions. . 


The operating record of both of these types of steam generators 
reveals their ability to supply process-steam requirements under 
many adverse conditions. Chemical production of butadiene and 
styrene has been maintained at high rates throughout the operat- 
ing period to date, and over-all operation should compare favor- 
ably with that of any other steam plant of its size and operating 
conditions. 


Discussion 


J. M. Harvey.‘ The character of the water in the Ohio River 
and its tributaries is such that many problems must be met which 
do not exist where water of more stable quality, such as water 
from the Great Lakes, is utilized for boiler-feed purposes. Acid 
mine drainage and extensive use of these streams for disposal of 
industrial waste and sewage from the heavily populated sur- 
roundings make for extreme variation in the character of the 
river water. 

Characteristic is the trend from a bicarbonate condition, with 
low dissolved solids and increased suspended material during the 
heavy run-off in the spring and early summer to a highly acid 


4 Engineering Service, Hall Laboratories, Inc. Pittsburgh, Pa. 


condition, with high dissolved solids and low suspended material 
during the low flow in late Summer and Fall. Localized pollu- 
tion and the presence of river pools may further influence the 
character of the river water at a particular plant intake. 

Generally, the periodic variations in dissolved solids will follow 
a somewhat fixed pattern with minimum and maximum concen- 
trations reaching about the same value each year, and with the 
average concentration varying not more than a few ppm over a 
period of several years. However, combination of conditions 
may produce considerable deviation from the normal pattern as 
shown by Fig. 5 in the paper, charting variations during a period 
when industrial activity was at an unprecedented high. 

The wide flexibility of the water-conditioning facilities in- 
stalled at Kobuta made it possible to cope with the variations 
imposed and maintain boiler-water conditions within closely 
defined limits. Even so, characteristics of the river water exert 
their influence and have been productive of adherent sludge 
deposits in the boilers. Specific measures were adopted several 
months ago which we believe, and which are proved in part, will 
solve this problem. 

In January, 1945, silicate treatment was introduced to one of 
the natural-circulation boilers. At this time the routine water- 
testing program was expanded to include determination of the 
silica concentration in the boiler water and saturated steam. 
These tests soon established the fact that there was no significant 
difference between the silica present in the steam generated by 
the boiler receiving silica treatment and the boilers not receiving 
this treatment. 

Since all the natural-circulation boilers had been mechanically 
cleaned just prior to the introduction of silicate treatment, in- 
spection of these boilers in June, 1945, after a 6-months’ run, 
afforded the opportunity to compare the appearance of the in- 
ternal surfaces of the boilers. The boiler subjected to silicate 
treatment was decidedly cleaner than the other natural-circula- 
tion boilers. 

On the basis of these observed conditions, silicate treatment 
was extended to all the natural-circulation boilers as well as the 
forced-circulation boiler. Inspection of the forced-circulation 
boiler in October, 1945, after a run of approximately 60 days on 
silicate treatment, revealed accumulation of scale particles in the 
orifice headers to about the same extent as noted during previous 
inspections. However, finely divided sludge, which. had been 
found intermingled with the scale particles on previous occasions, 
was almost entirely absent. The scale particles are identical in 
chemical composition to the finely divided sludge formerly found 
along with the scale particles. This is indicative possibly that 
the scale particles originate at some point in the circulating sys- 
tem where the finely divided sludge adhered and attained more 
coherent and compact form under conditions existing at that 
point. Thus we believe there is some possibility that the scale 
particles will be eliminated with continued operation on the sili- 
cate treatment. 

In connection with the silicate treatment, it is also worthy of 
mention that inspection of the 35,000-kw back-pressure turbo- 
generator in October, 1945, showed the complete absence of any 
deposits. This inspection was made after approximately 2 years 
of operation, and silicate treatment was in effect during the last 
9 months of operation. 


H. J. Kuorz.6 The authors of this paper are to be commended 
for the unprejudiced presentation of the comparison of the oper- 
ating characteristics of forced- and natural-circulation boilers of 
the same capacity installed side by side in an industrial plant 
and performing under identical conditions as regards load and 


5 Chief Power Engineer, Stone & Webster Engineering Corpo- 
ration, Boston, Mass. Mem. A.S.M,E. 
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feedwater. The writer’s connection, as consultant to the Office of 
Rubber Reserve, with the operation of the Koppers plant, has 
afforded an opportunity to observe that the plant-operating 
organization has been equally unprejudiced in its handling of the 
boilers. There has been not the slightest tendency to favor 
either type of boiler, but a conscientious effort has always been 
evident to meet any special requirements imposed by the two 
types of boilers. The fairness of their comparison has thus been 
assured. 

It is, of course, too much to expect that a comparison in one 
plant only could form the basis to permit final and definite con- 
clusions as to whether one or the other type of boiler should 
be installed. The principal offsetting features would appear to be 
the ability of the forced-circulation unit to continue in operation 
following the loss of a tube, an important item in many processes, 
compared with the greater availability of the natural-circulation 
boilers. Corrective measures adopted at the Koppers plant will 
probably obviate the importance of this comparison as it is be- 
lieved the causes of the tube ruptures in the natural-circulation 
boilers have been greatly minimized, and the lower availability 
of the forced-circulation boiler should eventually be overcome by 
further progress in chemical treatment of the feedwater plus 
possible additional mechanical features to prevent sludge accumu- 
lation on the orifice strainers. 

The extremely variable nature of the make-up water at this 
plant makes the latter an important consideration and one which, 
until it is overcome, points to the desirability of the natural- 
circulation boiler for comparable water conditions. 

It is important to note that the pumps required for circulating 
water with the forced-circulation boiler have imposed no operat-, 
ing problem. 

Experience at the Koppers plant indicates that the practic- 
ability of the forced-circulation boilers for industrial plants has 
been sufficiently proved to warrant additional installations, and 
that any plant considering the choice between the two types 
would be safe in basing its decision on the relative investments 
and space requirements after assuring itself that any possible 
feedwater limitations would be satisfactorily met. 


W. 8S. Parrerson.® The authors have refrained from com- 
paring differences in design in the two boiler types unless these 
differences have, up to the present time, resulted in operating 
assets in favor of one type or the other. However, since forced 
circulation, applied to large steam generators, is new in this 
country, it will be of interest to point out some of the reasons 
for the difference which will be noted from a study of the paper, 
and some of the potential assets. 

Small-diameter tubes are used in forced-circulation boilers 
because a high flow resistance and velocity in the tubes are desir- 
able, and because a high fluid velocity in the tubes can be real- 
ized with a minimum quantity of circulating water handled by 
the pumps. Small-diameter tubes can have very thin walls, 
resulting in low hot face skin temperatures and low temperature 
stress in the tube metal even with very bigh rates of heat absorp- 
tion. There is also a saving in weight of tube metal and weight 
of water in the tubes; but the advantages of small tube diameter 
are most apparent in high-pressure boilers as will be seen from 
Fig. 7 of this discussion. 

Although bifurcated tubes have been used in natural-circula- 
tion-boiler furnaces, this is the first application of trifurcated 
furnace tubes. Such an arrangement decreases the number of 
header connections, orifices, and access openings. Before this 
boiler was placed in operation Pitot tubes were installed in each 
tube of several of the trifurecated furnace elements to check rela- 


6 Assistant Manager, Forced Circulation Boilers, Combustion 
Engineering Co., Inc., New York, N. Y. Mem. A.S.M.E. 
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Tube Diameter... ac. ees 4in. lin. 
Wiallithicknesss cece ere .48in -15in 
Velocity ratio a3 0 scus-seaets nee 1 7 


Tube: weight ratio. ..0...0.0.... 1 ; 
Water weight ratio............ 1 213 
Temp. gradient ratio 1 


Fie. 7 Furnace-Wati-TuBr Comparison FoR TANGENT SPACING; 
Smauti-D1AMETER VERSUS LARGE DIAMETER 
(Velocity ratio is based upon same circulation ratio for both arrangements.) 


tive water distribution. The results are presented in Table 5 of 


this discussion. 


TABLE5 DISTRIBUTION OF FLOW IN TRIFURCATED FURNACE 
CIRCUITS 


Des. 12 to 21, 1943 


Boiler output .. 250,000 to 300,000 lb per hr 
Boiler Pressures secaeeieiesr\ye sirens 730 to 740 psig 
Front furnace wall. 
Trifurcate no. §==<———1-———. _———13. ——— 22-———- 
Tube no..... ae 2 3 37 38 39 64 65 66 
Flow through 

tube, percent 33.6 34.8 31.6 35.0 34.8 30.2 31.8 37.8 30.4 


. —Rear furnace wall~ Side furnace wall— 


Trifurcate no......... —6- ——- a 
MTubeenos. sevyeet hte: 181 182 183¢ Te, 2 3 
Flow through tube, 

per cent. «essen ence 27.4 35.8 36.8 26.8 37.8 35.4 


2 Denotes tube in corner of furnace. 


The convection boiler, called the “secondary generator,” also 
employs 1!/,-in-OD tubes, but they are fitted with 1/,-in-high 
fins and disposed horizontally in a bank below the economizer. 
These tubes are bifurcated at the end adjacent to the control 
orifice so that each orifice serves two circuits which are inter- 
meshed, with forged return bends and long-radius bends alter- 
nating through the length of each circuit. The tubes are ar- 
ranged in staggered relationship with 21/.-in. horizontal and 
31/,-in. vertical spacing, and because of their smal] diameter and 
transverse flow of the gases, a very high heat-transfer rate is ob- 
tained without the use of baffles and without resorting to a high 
gas velocity. The surface installed per cubic foot of space in the 
secondary generator is about twice that of a conventional boiler 
and each element is independently removable through a large 
door at one end. 

The ‘‘water-cooled beams’? mentioned in the paper, support 
the secondary generator and both economizer sections. They 
are shown at three elevations in Fig. 2 of the paper, and consist 
of two parallel sets of three headers each, with series flow through 
each set. The tubes supplying the outer end of the uppermost - 
headers are shown coming off the main distributing header. 
The water passes through the uppermost headers, thence by ex- 
ternal connections to the inner end of the lowest headers, through 
the latter to the outer end, and thence through external connec- 
tions to the single secondary-generator inlet header containing 
the control orifices. The two intermeshed circuits of each second- 
ary-generator element terminate in separate discharge headers 
which support the lower economizer section, From these 
headers the steam-water mixture is discharged to the boiler drum. 

Since the steam drum is not required to support a bank of 
steam-generating tubes, it is located entirely outside the setting 
as shown in Fig. 2 of the paper, which is sometimes possible but 
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rarely convenient in designing a natural-circulation boiler. In 
the case of thick drum shells exposed to hot gases, drum pro- 
tection must be provided, which introduces a maintenance item 
for the operator; also, where a boiler baffle abuts the drum shell, 
a positive and tight seal must be maintained to prevent fly-ash 
erosion of the drum due to baffle leakage. These problems are 
absent when the drum is outside the setting and therefore repre- 
sent potential operating assets. It will also be noted that all the 
drum-tube connections in Fig. 2 of the paper are in one quadrant 
of the shell, thus reducing to a minimum the amount of thick shell 
plate required. 

The authors point out an operating disadvantage of a high- 
capacity boiler containing a very small quantity of water, when 
the rate of blowdown is high due to high make-up of water having 
high total solids. However, the low weight of water is also asso- 
ciated with low weight of tube metal and this combination results 
in a lower fuel requirement to place a forced-circulation boiler in 
service and less heat loss on cooling down. This would be a dis- 
tinct asset in the case of a boiler subject to week-end shutdowns 
in many industrial plants. In combination with forced circula- 
tion, it also permits entry to the furnace for maintenance within 
8 hr of the time the boiler is taken off the line, even in the case of a 
large high-pressure unit with a wet-bottom furnace. Also, with 
the increasing popularity of acid cleaning of boilers it is an oper- 
ating asset to require only one quarter of the amount of acid, 
flushing water, and neutralizing solution, to say nothing of the 
time saved in filling draining, etc.; and 2 min operation of the 
pumps at hourly or half-hourly intervals will completely mix the 
solvent, re-establishing a uniform concentration and uniform 
temperature, both of which are important. 

Fig. 2 of the paper shows that each pump is equipped with a 
shutoff valve at suction and discharge. It was originally in- 
tended that only one pump would be in operation and the other 
held as a spare with suction and discharge valves closed. With 
the method of operation used at this plant the spare pump idles 
at 400 rpm and with all suction and discharge valves open. The 
check valve located at each pump discharge has a bypass which 
permits operating the spare pump in this manner but limits re- 
circulation through the idle pump. The shutoff valves have 
never been used during operation because the availability of both 
pumps has been 100 per cent. 

The authors give a figure of 10,000 lb per hr steam consump- 
tion for circulating-pump drives but the heat extracted in the 
turbine is only about 200 Btu per lb or 2,000,000 Btu per hr. 
The fuel equivalent of this is about 0.50 per cent of the fuel fired 
at maximum rated capacity and part of this energy is returned to 
the boiler water in passing through the pump. 

The occurrence of scale chips in the orifice headers has not been 
uniform in all headers, and this was originally explained by the 
fact that the first supply tubes coming off the main distributing 
header go to the front or burner wall; the next group at each end 
go to the side-wall headers and the center group go to the rear- 
wall header. When the sludge and/or scale chips have been 
present in serious quantities, the front-wall header has generally 
contained the most and the rear-wall header the least. In fact, 
the strainers wére not removed from the rear wall during one 
entire year of operation, and beginning in April, 1944, and ending 
July, 1944, there was one operating period of 30 days, followed by 
another of 60 days, during which no significant deposits occurred 
in any of the orifice headers. 

The differential-pressure regulating valves on the bleed-in lines 
to the pumps were recommended by both the pump and the 
boiler manufacturer during the design stages but were not in- 
stalled until the spring of 1945. 

The authors mention “minimum chemical-reaction time in 
the drum,” as a possible reason for scale in the orifice headers of 
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the forced-circulation boiler. However, it has been noted that a 
ring of sludge forms even in the perforations of the submerged 
feed pipe, which is an indication of very quick reaction. 

The furnace-wall soot blowers on the forced-circulation boiler 
were furnished by the boiler manufacturer in 1943 in lieu of 
removing superheater elements, because during early operation 
the steam temperature exceeded the guarantee and it was 
found that removing ash from a band of the furnace walls just 
above the burners would give 50 deg F steam-temperature 
control. 

One reason for keeping the steam temperature down on the 
forced-circulation boiler has been because the natural-circulation 
boilers do not deliver steam at the predicted. temperature (see 
authors’ Table 4), and this results in different steam temperatures 
in the two turbine leads, which is objectionable. Predicted per- 
formance of the forced-circulation boiler was deliberately based 
upon moderately dirty furnace conditions. At maximum load 
the contract average gas temperature leaving the furnace was 
2110 F. A test in January, 1945, at maximum load using an 18- 
point traverse with a high-velocity shielded platinum thermo- 
couple at three elevations at the superheater entrance gave the 
following averages: 

Upper 1870 F; middle 2015 F; lower 2025 F; during the test 
the CO, entering superheater was 16.3 per cent, the average 
steam temperature 760 F; the furnace-wall blowers had not 
yet been placed in service and the walls were moderately dirty. 
In reference to the authors’ conclusion on availability, it might 
be added that the boiler manufacturer definitely recommended 
that the forced-circulation boiler be taken out of service every 60 
days for inspection, because this boiler was a new development 
and frequent inspections would avoid the possibility of any major 
damage to the unit, as well as decrease the possibility of a forced 
outage. Nevertheless, the availability of the forced-circulation 
boiler averaged close to 95 per cent from December 1, 1948, to 
April 1, 1945, and it would be of interest to learn how much 
greater availability was realized on each of the natural-circula- 
tion boilers to justify the conclusion drawn. 


S. T. Powe t,’ H. E. Bacon,’ anp L. G. von LossBera.? 
Personal inspections of these boilers and studies of the feedwater 
treatment by the writers confirm the authors’ observations. In 
particular, chemical and x-ray analyses of deposits removed from 
the forced-circulation boiler at the last inspéction, represent- 
ing the conditions during the feeding of sodium silicate to con- 
trol magnesium in the sludge, show that the desired precipitate, 
magnesium silicate, is now being produced. However, our 
recent inspection indicates that troublesome deposits are still 
occurring in the orifice strainers. 

Our experience with water conditioning for the forced-circula- 
tion type of unit has also shown that feedwater of high quality 
is required to prevent deposits in the control-orifice strainers. 
Also, the relatively small volume of water contained in this type 
of boiler limits the concentration of constituents that may be 
tolerated in the feedwater. 

The favorable comparison with regard to the operating char- 
acteristics of the forced- and natural-circulation bo.lers for 
the production of process steam is noted with interest. 

It is our opinion that the operators of the plant are to be com- 
plimented upon maintaining continuous operation of the steam- 
generating facilities and related equipment under the rigorous 
conditions imposed throughout the 2-year war-production period. 


7 Consulting Chemical Engineer, Baltimore, Md. Mem. A.S.M.E. 

8 Engineering Assistant to Sheppard T. Powell, Consulting Chemi- 
cal Engineer, Baltimore, Md. Mem. A.S.M.E. | 

9 Engineering Assistant to Sheppard T. Powell. 
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W. F. Ryan.” The authors are to be congratulated on the 
impartiality with which they have presented the facts in regard 
to these two types of steam-generating equipment. If they have 
any preference it cannot even be inferred from their paper, and 
the reader is left to draw his own conclusions. This form of 
presentation is as commendable as it is unusual in engineering 
literature. 

Steam consumed by the circulating pumps means little unless 
translated into energy; the latter is obviously a charge against 
the efficiency of the forced-circulation unit. No discussion is 
offered of the greater space and building costs required for a 
natural-circulation design. At Kobuta, it appears that the build- 
ing design was determined by the space required for the larger 
boiler and hence no appreciable savings accrued from the 
installation of a single forced-circulation unit. These savings 
might have been considerable, however, had the building been 
designed for four forced-circulation units. 

It is unfortunate that Figs. 2 and 3 of the paper, showing cross 
sections of the two boilers, are not shown to the same scale. The 
tabulations, however, show that the natural-circulation boiler 
has 4500 cu ft greater furnace volume. For four boilers, this 
amounts to 18,000 cu ft which might have been saved had the 
building been designed for the forced-circulation type of boiler 
only. Weights are not given, but from the data on heating 
surface, tube sizes, and water volumes, it is clear that the weight 
of the natural-circulation boiler, filled with water for test, is more 
than twice the weight of the foreed-circulation unit. As shown 
in the tables, the operating weight of water in the natural-circula- 
tion boiler is more than 4 times that in the other type. These 
factors materially affect the cost of building steel and founda- 
tions and should ultimately have an appreciable effect on the 
cost of equipment as well. 

These are the reasons, of course, that manufacturers and oper- 
ators are willing to spend time and money on such developments 
of the art. What we all want are better boilers at less cost than 
we now have. It is apparent from this paper that forced circula- 
tion is a constructive step in this direction. 


AuTHORS’ CLOSURE 


The silicate treatment as mentioned in Mr. Harvey’s discussion 
definitely showed promising results as to the elimination of sludge 
in the natural circulation boilers. Duplicate treatment in the 
forced-circulation boiler has not produced hoped for results and 
all inspections of this boiler unit since the treatment was initi- 
ated revealed scale at the orifice strainers in amounts equal or 
greater than on previous inspections. Sludge accumulations 
were, however, somewhat reduced. Operations at this boiler 
plant are now such that continued observation of this method of 
feedwater treatment is not possible as the forced circulation 
boiler has been out of service since early in November due to low 
steam demand to process. The elimination of the troublesome 
seale at the orifice strainers remains as an important factor in 
securing greater availability of the forced circulation unit, and 
the authors believe that feedwater consultants will overcome 


0 Assistant Chief Mechanical Engineer, Stone & Webster Engineer- 
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this difficulty by introduction of other suggested treatments, 
should the silicate not produce the desired results. The diver- 
gence in results of this duplicate treatment of the feedwater for 
both types of boilers further demonstrates that the natural cir- 
culation boilers are lesssusceptible to scale formation under equiva- 
lent feedwater conditions than the forced circulation unit. 

Mr. Patterson’s discussion of certain design features and poten- 
tial operating assets of the forced circulation boiler enhances the 
value of the paper for design engineers and operators of boiler 
plants. The authors, as operators, are naturally inclined to over- 
look design features unless they materially affect the boiler 
operation or are modified to improve the operation. The refer- 
ences to savings in weight, ‘“‘secondary generator,” “water-cooled 
beams,” and drum location will no doubt be of great interest to all 
readers, and the authors concur in his discussion on certain minor 
advantages gained by low weight of water and lower require- 
ments for acid cleaning. The further explanations of Mr. Patter- 
son in regard to pump operation, soot blowers, and steam con- 
sumption of the pumps contributes much to enlighten the reader 
on points which the authors unintentionally might have slighted. 

The conclusion that the natural circulation boiler has greater 
availability has been demonstrated by the operating records of 
the two types of units. While operating at near peak demands, 
the outage schedule required that each natural circulation boiler 
be taken off the line every six months with the outage time limited 
to three days. The outage schedule of the forced circulation 
unit required an outage each two months with outage time 
limited also to three days. The amount of maintenance work 
required on both types was relatively equal. Thus it can be 
seen that on a percentage of availability basis the natural cir- 
culation boilers would reach 98.36 per cent or 6 days outage per 
operating year while the forced circulation boiler would reach 
95.08 per cent or 18 days outage per operating year. While the 
percentage availability difference does not seem too great, it is 
significant that the scheduled outage time required by the forced 
circulation unit amounts to three times that of the natural cir- 
culation boilers. 

The authors appreciate the discussions of all these engineers 
and the favorable comments contained in these discussions. 
That the Kobuta Plant has had such an outstanding operating 
and performance record is partially due to the suggestions and 
recommendations of these outstanding men of the steam-gen- 
eration field. ; 

It is well to point out that since preparation of this paper all 
the 3 in. tubes between the pump discharge header and the orifice 


-headers were mechanically turbined. The amount of scale re- 


moved during this operation has led us to believe that these 
tubes are the source of scale particles, and their scheduled turbin- 
ing at times of boiler outages would do much to increase the 
operating time between outages of the forced circulation boiler. 

It will be noted that the operating assets of the forced circula- 
tion unit are inherent for this type of boiler unit, while those of the 
natural circulation boiler are not limited by its type. It would- 
thus seem that further developments to overcome any deficiency 
of operating assets for forced circulation will enable us to attain 
better boilers at less cost as asked by Mr. Ryan. * 


Operating History and Performance of 2000- 
Psi Forced-Circulation Boiler at Somerset 


Station of Montaup Electric Company 


By G. U. PARKS,! W. S. PATTERSON,? ann W. F. RYAN$ 


In this paper the operating experiences with the high- 
pressure forced-circulation boiler at Somerset station of 
the Montaup Electric Company are given in considerable 
detail. Special test and research activities on the installa- 
tion are reported in this and companion papers. The con- 
clusion is reached that the selection of a bare-tube, slag- 
ging-bottom, radiant, forced-circulation boiler for this 
high-pressure application has been verified by its operat- 
ing record. 


stalled during 1940-1942, as part of the topping installa- 

tion. Initial pressure and temperature were dictated by the 
necessity of obtaining 25,000 kw by topping a 375-psi 750 F 
plant. The size and shape of the boiler were determined by the 
floor space and headroom available in a vacant space in the 
existing boiler room which had been allocated in 1925 to a future 
boiler of 120,000 lb per hr capacity. 

The subject boiler has a guaranteed maximum output of 
650,000 lb per hr at 960 F at the superheater outlet. Drum 
safety valves are set to blow at 2000 psi, but average drum pres- 
sure over an extended period of time has not exceeded 1925 psi. 
Pressure at the superheater outlet averages approximately 1850 
psi, which gives name-plate pressure at the topping-turbine 
throttle. The reheater takes exhaust steam from the topping 
turbine at 400 psi 603 F, and exhausts to the station’s low-pres- 
sure header at 380 psi 765 F. The boiler and related equipment 
have been described in detail in references (1)4 and (2). 

Normally the station burns West Virginia semibituminous coal 
or bunker ‘‘C”’ fuel oil, and the boiler was therefore designed to 
use either fuel or any combination of the two. Since the sta- 
tion’s pulverized-coal system is of the storage-bin type, and it is 
necessary to supply this new slagging-bottom furnace and the 
older dry-bottom furnaces from the same supply, the furnace and 
combustion equipment were so designed that coals with ash- 
softening temperatures between 2200 F and 2600 F could be used 
satisfactorily. 

It is the purpose of this paper to discuss the operation problems 
encountered and their solution and present the results of research 
and tests on circulation, tube temperatures, and performance. 

Although all equipment manufacturers have been very co-opera- 


4 | NHE forced-circulation boiler at Somerset Station was in- 
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tive, wartime conditions have made it impossible to effect some 
changes when they were desired. It is hoped that the complete 
topping installation can be discussed at some later date when 
changes and modifications in equipment in no way related to the 
boiler have been completed. 

After 3 months’ preliminary operation, delivering steam through 
the by-pass line, the boiler was placed in commercial operation 
with the turbine on October 26, 1942, and has been taken out of 
service 54 times from that date to the present time, November 1, 
1945. 

The longest outages, which are identified by numbers in Fig. 1, 
were chargeable to equipment as listed below the chart. Table 1 
supplements this list and shows that there were in the first three 
years of commercial operation, 8 forced outages and 46 scheduled 
outages, about half of which were directly chargeable to re- 
search and tests. Most of the outages charged to research merely 
consisted of taking the unit off the line for a few hours for check- 
ing dissolved and suspended solids in the boiler water. The sched- 
uled outages charged to other equipment were sometimes also 
used for scheduled boiler maintenance if time permitted. On the 
other hand, the forced outage in 1944, charged to slag in the su- 
perheater, was caused by malfunctioning of the air-flow recorder 
and operation with low excess air. 

Fig. 1 also shows average output calculated from Etonae flow- 
integrator readings for the duration of each operating period, 
without correction for pressure or steam temperature. The meter 
is calibrated for 1825 psi and 960 F. 

Although the boiler has been operated in excess of 650,000 lb: 
per hr with both coal and oil firing, output during the past two 
years was normally limited to approximately 585,000 lb per hr, 
and the average monthly load is under 500,000 lb per hr. This 
has been for the following reasons, rather than desire or necessity 
due to boiler limitations: 


(a) The necessity for keeping spinning reserve on the system at 
other -points. 

(b) Thelarge amounts of hydro-generated power which tie lines: 
make available during evening and night hours. 

(c) The rebuilding of the 10-in. pressure-reducing and desu~ 
perheating station which leaves only the 4-in. station with 
200,000 lb per hr capacity in case of turbine failure. 

(d) Vibration and shaft whip in the topping turbine under 
certain load conditions. 

(e) Inability of the low-pressure ‘plant to absorb more than 
500,000 lb per hr when either low-pressure unit is not on the line. 


Since October, 1942, it has been impossible for the station to 
receive coal from the normal suppliers in the Pocahontas No. 3 
seam or the Sewallseam. Based on monthly composite samples, 
the heat content of coal as received has varied from 13,000 Btu 
per lb to 14,000 Btu per lb, moisture from 4 to 8 per cent, ash from 
6 to 13 per cent, and grindability from 70 to 100 per cent on the 
Hardgrove scale. Ash-softening temperature has varied between. 
2100 and 2800 F. A substantial part of the coal burned has 
been from either West Virginia or Pennsylvania strip| operations, 
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TABLE 1 OUTAGE TABULATION 
Aonual Period Nov. 1 to Nov. 1 3-Yr_ Period 
1942-43 1943-44 1944-45 1942-45 


Reason for Outage 


A - Forced Cutuses 


Furnace Tube Feilure 
Reheater Tube Failure 
Slag in Suoerheater 


w Jeon 
n Jror 
w Jonr 
~o Jom 


Total Forced Quteges 


B-Schedulec Outages 
Research end Tests 

Piping External to Boiler 
Low Pressure Station Repairs 
Pressure lteducing Stution 
Miscelleneous Boiler Items 
Safety velves 

High Pressure Turbine 

Acic Cleaning Boiler 

Soot Blowers 

Reheater Repsirs 

Boiler Vent Valve 
Electric:]1 TrouLle 

Drum Internel Changes 


Total Scheculed Outages 
Total Outages 


wn rR 
en JrocoooPoHonnt 


Sk 
x OCrPCORPPOOFPHONA 
re 
wo ie CRRPOOPNOPKENKH 
0 nN 
RO [PRP RPRPENNUNNWOAY 


Due to overworked mills, the amount of pulverized coal,through 
a 200-mesh screen has rarely been as high as 80 per cent, and 
averages 70 per cent, with 3 to 4 per cent retained on 60 mesh. 

The normal operating crew has been the boiler operator, sta- 
tioned at the control panel, and his assistant who keeps the log 
sheet and also operates blowdown, soot blowers, and attends to 
changing and cleaning oil burners. They are assisted part of the 
time by an oiler on the feeder and fan floor, who also works on the 
fans and feeders of five low-pressure boilers, and by a pump 
tender who operates the high-pressure heaters and drip pumps, as 
well as the circulating pumps. When coal from normal suppliers 
is available, the latter also acts as ashman. Feedwater chemistry 
is directly controlled by the station’s own laboratory on a single- 
shift basis. The high-pressure-turbine operator acts as chemist 
on the other two shifts. 

The arrangement of the boiler unit as originally installed with 
changes and modifications from 1942 to 1945, inclusive, indi- 
cated in notes, is shown in. Fig. 2, Following is a summarized de- 
scription of operating experiences with the boiler unit including 
a discussion of changes made and the reasons for them. 


OpERATING HistoRY AND CHANGES 


Evaporating Surface. A furnace-tube failure occurred within 
the first 2 months of preliminary operation. It was in the front 
wall a short distance below the roof and in the second tube from 
the right side wall. A short section of tube was welded in for re- 
pair. Microscopic examination of the failed section indicated 
overheating but the reason for overheating was not immediately 
determined. 

A second tube failure occurred in January, 1943, in the furnace 
roof in the same tube that had failed previously. This failure 
was occasioned by pitting on the inside surface of the tube, one of 
the pits having extended entirely through the tube. A large 
amount of solid deposit found on the inside surface of the tube 
was considered to be a contributing factor to the corrosion. Re- 
pair was made by welding-in a replacement section, and an at- 
tempt was made to locate any source of free oxygen which might 
have contributed to this failure. Consultants were also engaged 
to study the conditions which caused the deposition of foreign 
matter on the inside tube surface. 

The third tube failure occurred in February, 1943, while this 
investigation was in progress. This failure was in the left side 
wall, third tube from the rear wall. Microscopic examination of 
the failed portion indicated overheating and the cause was 
thought to be plugging of one of the orifice strainers. 

Each time the boiler was drained substantial amounts of 
foreign matter were found in the orifice headers, particularly near 
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The numbered outages were charged as follows: 


4 Acid-cleaning boiler 


10 Pressure-reducing station 


ges 
‘ 11 Reheater repairs 


7 Miscellaneous boiler chan: 


8- Drum internal changes 


5 Miscellaneous boiler changes 


~ 


Furnace tube failure 


2 Furnace tube failure : 
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REHEATER HEADER CONNECTION JOINTS SEAL WELOED SD aeeaNG ~ 


\ 
\ 


OUTLET PIPE MODIFIED (1944) 


=~") 


PULVERIZED COAL BUNKER 
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DESUPERHEATER INSTALLED (LOCATION NOT SHOWN) 
AHEAD OF REHEATER INLET (1943) 


SUBSTITUTED SCREEN ORIERS (1943) 
FURTHER MODIFICATIONS (1944) 


SUPPLIED COOLING AIR 


ar ee nt 


H FURNACE VOLUME, CUFT 31.400 
Bf BTU / CUFT / HR 24,600 
#] PROJ. SURFACE, SQ FT 6,000 
H} eTU ABS. / SQFT /HR 85,000 
EVAP, LB /SQ FT /HR 108 
[RATING 620.000 LB/HR 1 


4 

| 

| 
SUBSTITUTED 6-FT LENGTH ALLOY STEEL 
IN LOWER FRONT LOOPS (1945) —— 


, 


THREE FRONT-WALL BLOWERS ADDED 
— THIS ELEVATION (1944) 


EL 1620" 
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Sad 
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\ COLD AIR CROSS-OVER DUCT ADDED (1943) 


; By! 

—— WATER COLUMNS RAISEO AND 
ese SUCTION PIPE SCREENS 
oe MODIFIED (1942) 

2 pare 


STEAM SEPARATING APPARATUS 
CHANGED ( 1942 AND 1943) 
BLOWDOWN PIPE MODIFIED 


PAG 0ae 


ae 


i ces 
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(<A an KY 14. 


Pree. 7: 


(1943 AND 1944) 
pT SPECIAL BLOWODOWN ADDED (1944) 
K 
¢ UPPER 
ts 


Leeneenesonees’ 


FIVE RETRACTABLE SOOT 
BLOWERS ADDED (1943) 


BOTH SETS OF DAMPERS TIED IN 
TO AUTOMATIC CONTROL (1942) 


* FEED 
VALVE 


FEED 
HEADER 


OCTAGONAL BONNET GASKETS SUBSTITUTED (1942) 


SUBSTITUTED HARD BABBIT BEARINGS AND 
REMOVED OUTER BEARING BODY SUPPORT (1943) 

SUBSTITUTED FIBRE OIL-PUMP GEARS (1944) 

SUBSTITUTED ROLLER BEARINGS; ALSO NEW DESIGN 
LABYRINTH SEAL AND MECHANICAL SEAL (1945) 


3 CIRCULATING PUMPS 


__ SETTLING CHAMBER AND EXTERNAL CIRCULATORS ADDED BETWEEN HEADER ENOS (1944) 


Fie. 2 ARRANGEMENT or Borner Unit as ORIGINALLY INSTALLED Wire CHaneers From 1942 To 1945, Incuusivn, InpicaTep By Mar- 
GINAL NOTATIONS 


the ends. Prior to the second tube failure, a sample of header 
washings was found to contain 66 per cent iron shot, 17 per cent 
mill scale, and miscellaneous oddments such as steel shavings, 
turnings, chips, and weld splatter. A sample collected at the 
time of the second failure contained 30 per cent weld splatter, 20 
per cent mill scale, and 13 per cent iron shot, plus oddments. 
The 54-in. boiler drum had been shotblasted in the shop after 
the junction headers had been attached and, although the head- 
ers had been blown out with compressed air, it was impossible to 
do an adequate job, since the header ends were closed at the time. 


_ The boiler had been carefully washed out and boiled out, with the 


orifices and strainers removed, prior to operation. Headers were 
washed at every available opportunity but the recurrence of for- 
eign particles and substantial amounts of mill scale persisted for 
some time inthe lower headers. There was also evidence of chemi- 
cal hide-out whenever the boiler was taken off the line. 


In order to clean tube surfaces thoroughly and remove mill 
scale, the boiler was washed with inhibited hydrochloric acid in 
April, 1943. All orifices were removed and the circulating pumps 
were not operated during the washing and it was therefore im- 
possible to maintain uniform temperatures. In spite of this, tests 
showed that substantial amounts of mill scale and foreign mate- 
rial had been removed. Prior to this time feedwater was nor- 
mally treated with standard sodium chemicals (phosphate, hy- 
droxide, and sulphite). After the acid cleaning the potassium 
treatment developed by Dr. R. E. Hall was introduced (3, 4). 

In December, 1943, after 7 months’ operation with potassium 
treatment, including silica feed, the fourth tube failure occurred. 
This was the third failure in the same tube (second tube from the 
left side wall), and was in the section of the tube which passed 
across the roof of the furnace. The inside surface of several 
other tubes examined at the same time was coated with thick 
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sludge and scale, but the actual failure was considered to be 
caused by a plugged orifice strainer. The evidence of such plug- 
ging was missing, due, no doubt, to the disturbance created in the 
header when the tube failed; but repeated failures only in tubes 
served by orifices close to the dead end of the headers indicated 
the most probable cause to be sludge accumulations at the header 
ends. 

Study of orifice-header pressures showed that there was suf- 
ficient pressure difference between the rear and the side headers so 
that if a small circulator were installed between each end of the 
rear header and the rear end of each side-wall header, there would 
be sufficient flow between the interconnected headers to preclude 
any sludge accumulation near the orifice strainers which serve the 
tubes in which failures had occurred. Circulators of 11/4 in. 
were installed between the rear header and the side headers, each 
provided with a small baffled settling chamber with sampling 
connections and blowdown valves and upper closure plugs to 
permit measuring the depth of sludge in the chambers. After es- 
tablishing the fact that they collected a considerable quantity of 
sludge, they were connected into the existing drain lines, and are 
blown down once a week as part of the operating routine. Since 
the headers have been interconnected, very little sludge ac- 
cumulation within them has been evident and very few of the 
strainer openings are found closed. In fact the strainers have 
not been removed in nearly 2 years except a few for inspection 
purposes. 

At the time of the fourth failure representative tubes were 
sampled. There were substantial sludge deposits on all of them 
and acmite scale on most. Therefore, before the boiler was re- 
turned to service it was again acid-cleaned, using inhibited hydro- 
chloric acid, supplemented by a fluoride. In order to insure a 
thorough acid cleaning at recommended temperatures, one circu- 
lating pump was operated 1 min during each half hour of the 
cleaning period, and thermocouples installed for the purpose 
showed that recommended temperatures were being maintained. 
Immediately after the cleaning and washing period the circulat- 
ing pump was dismantled and: the impeller removed for examina- 
tion. There was no evidence of any attack by the acid. 

Since this fourth failure the potassium treatment of feedwater 
without silica has been used: Tube samples taken in February, 
1944, August, 1944, and September, 1945, from several parts of 
the walls showed very little sludge accumulation, and what did 
exist was not adherent but easily brushed away. There was 
evidence of very little, if any, corrosion or pitting of wall surfaces. 

Periodically throughout the 3-year operating period of this 
boiler the external surfaces of representative furnace tubes have 
been checked for external corrosion. Although an adherent 
“enamel’’ coating of fused slag has been found, similar to that 
which has been credited with causing corrosion in other furnaces, 
actual corrosion has been negligible or nonexistent up to October 
26, 1945. 

On October 26, 1945, about 22 months after the last internal 
cleaning of the boiler, three small leaks occurred in the rear fur- 
nace wall, one located less than 1 ft above the floor and two about 
20 ft above the floor in a different tube. The tubes which had 
failed were found to be heavily coated with sludge and, on the fire 
side, iron-oxide scale had formed between the sludge and the tube 
wall, indicating that the sludge had caused overheating of the 
tubes. An adjacent tube near the floor in the rear wall was in simi- 
lar condition on the inside but a tube almost directly opposite, 
near the floor of the front wall, although heavily coated with 
sludge, had most of the deposit on the casing side where it could 
not cause overheating. This latter tube was perfectly clean at an 
elevation 17 ft above the floor, and a tube in the right side wall 15 
ft above the floor was also nearly as clean as the same tube had 
been a month earlier. 


TRANSACTIONS OF THE A.S.M.E. 


MAY, 1946 


There is-evidence to indicate that a recent disturbance has 
caused this trouble because on this last outage there was appre- 
ciable external tube corrosion on some of the rear-wall tubes in the 
region of the lowest leak. Due to failure of the water seal below 
the slag hole and malfunctioning of the flue-gas oxygen recorder a 
deficiency of air near the walls and consequent abnormally high 
gas temperatures probably occurred. 

Before the boiler was again placed in service it was acid- 
cleaned, using one circulating pump a few minutes of each hour to 
maintain uniform solvent temperature throughout the unit. 
Two tubes were sampled after the cleaning to make sure of a thor- 
ough job. 

Superheater: High Pressure. There have been no failures, 
changes, or maintenance in either the convection: bank or radiant 
bank. 

It had been originally expected to obtain automatic superheat 
control by having the controller operate only the by-pass damp- 
ers located at the outlet of the upper economizer. However, it 
was found that manual operation of the main-passage dampers at 
the outlet of the lower economizer was necessary to obtain quick 
response. The controls were therefore modified so that both 
sets of dampers are automatically operated, that is, as the by-pass 
dampers open the other dampers close a proportionate amount. 

Superheater: Reheat. The steam reheater which operates at 400 
psi was provided with bolted ball-and-socket joints where the ele- 
ments are attached to the headers. On account of numerous 
leaks during the first 2 months and the difficulty of access to the 
joints for refacing, it was decided to seal-weld all these joints. 

Operation at high rates of output indicated that reheated-steam 
temperatures would be too high at maximum load for continuous 
operation with carbon-steel reheater elements. It was decided not 
to reduce the heating surface but rather to correct the difficulty 
by installation of a manually controlled steam-atomizing spray- 
type desuperheater. This was installed between the high-pressure 
turbine and the reheater in July, 1943, and has given satisfactory 
control. 

It will be noted from the side-elevation view of the boiler that 
the lower portion of the front loop of the reheater is not effectively 
screened from the radiant heat of the furnace, particularly if the 
rear-wall screen tubes are kept clear of ash accumulation. Soon 
after a soot-blower overhaul in August, 1944, reheater-tube fail- 
ures in this front loop began to occur. These were quickly re- 
paired on each occasion by welding-in a new piece of carbon-steel 
tubing, but at the end of April, 1945, the lower end of the front 
loop, including the lower bend, of all 58 elements, was replaced 
with chrome-molybdenum-titanium alloy tube sections about 6 
ft long. This is the same material as used in the front section of 
the superheater for 960 F steam temperature and since the re- 
heated-steam temperature is only 765 F, no further trouble from 
this cause is anticipated. All other parts of the reheater are 
quite effectively shaded from radiant heat. 

Economizer. There have been no failures or changes in the 
economizer. There has also been no maintenance except to seal 
up a few air leaks at the economizer doors and in the suspended 
arch where the hanger rods pass through the roof. 

Steam Drums and Drum Internals. Because of the forced-circu- 
lation feature it was possible to operate the pumps with cold 
water and observe the flow of water into and out of the drum with 
the manholes open. Before placing the boiler in operation the 
flow of water toward the two suction pipes at the ends of the drum 
was photographed, and it was observed that a vortex was created _ 
over each suction-pipe nozzle, and that air was drawn into the 
suction pipes when the water level was low. The design of suc- 
tion-pipe screens was changed and a coverplate was incorporated: 
to eliminate the undesirable turbulence. , 

In reference (1) Fig. 18, it will be noted that the feedwater from 
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the economizer outlet discharges into the drum through tubes 
entering the bottom of the shell and that a deflecting baffle 
was installed directly above the outlet of these tubes. It was 
found that this resulted in low shell temperatures between this 
region and the suction-pipe nozzles. This baffle was removed in 
December, 1942, in order that the feedwater, which is at a tem- 
perature 100 deg F below that of the boiler water, can mix with 
the latter more quickly and thus eliminate this undesirable con- 
dition. 

The original steam-separating means consisted of a combination 
of “hydraulic baffle” and metallic baffles in the wet drum and a 
combination of baffles and rod-type drier in the dry drum. Dur- 
ing the first few months of operation the boiler was sensitive to 
carry-over when the water level approached the center line of the 
drum and, because the feedwater regulators were not functioning 
properly, the capacity was limited to 400,000 Ib per hr, although 
higher capacity could have been carried with better water-level 
regulation. Minor modifications were tried but showed little 
promise of correcting the trouble so an entire new set of wet-drum 
internals of the “reversing-hood”’ type was substituted in October, 
1942 (see Fig. 13 of reference 1 of Bibliography). 

The blowdown line in the boiler drum as originally installed 
was found to be unsatisfactory after the reversing-hood type 
of internals had been installed because considerable feedwater 
was entering the blowdown piping. To correct this condition, 
six open-ended collecting pipes were extended upward above the 
water level so that concentrated boiler water from the hoods 
would discharge directly into the collecting pipes. 

Although the reversing-hood steam separators in the wet 
drum resulted in satisfactory steam purity at loads up to 500,000, 
it became obvious in June, 1943, that further improvements 
would be necessary to meet the guarantee of 0.50 ppm solids in 
steam. Furthermore, the gaskets of the drum internals had de- 
teriorated during the acid wash of the boiler in April, 19438, so that 
in August, 1943, the wet-drum internals were regasketed with 
copper-covered asbestos and screen driers were substituted for 
the rod driers in the dry drum. 

Early in 1944 special laboratory evaporating apparatus, 
which permitted the determination of solids in steam by evapo- 
rating a 4liter sample every 24 hr, was used to check the solids in 
steam. It was found that at maximum guaranteed output the 
guaranteed 0.50 ppm was being exceeded. Part of the difficulty 
was believed due to the fact that the steam-discharge tubes from 
the dry drum are not uniformly spaced along the drum but are 
arranged in three groups. A new set of low-velocity screens was 
substituted and a perforated baffle plate was installed ahead of 
each group of steam-discharge tubes to produce uniform velocity 
through the screens. 

The steam line supplying the high-pressure soot blowers was 
originally connected to a nozzle near the center of the dry drum. 
The steam was taken out of the drum from the space between the 
screen driers and the steam-discharge tubes, and it was found that 
when the soot blowers were operated there was an increase in 
moisture in the steam in the saturated header of the superheater. 
To improve this condition the soot-blower steam nozzle was ex- 
tended to take steam from the drum before it passes through the 
final drying screens. Gasketed joints in the wet drum were seal- 
welded at this time. : 

Excellent steam quality is now obtained from this unit and the 
results are included elsewhere in this paper. 

Although there are generally only 10 to 20 lb of sludge in the 
wet drum after several months of operation, it has been noted 
that when the fires are extinguished preparatory to taking the 
boiler out of service, the blowdown water sample always becomes 
very turbid. The theory was advanced that the most quiescent 
zone in the wet drum during the steaming period is on the bottom 


of the shell between the 18 feedwater discharge nozzles which pro- 
ject into the drum about 2 in. This would then be a logical 
place for sludge to accumulate; but when the feedwater flow rate 
is reduced on shutting down the boiler the flow of water toward 
the suction pipes might wash this deposit away. Accordingly, in 
February, 1944, a special blowdown pipe was placed on the bot- 
tom of the drum and connected externally, through valves, to the 
continuous blowdown pipe. A study was made of the increase 
in turbidity of the blowdown sample on opening these valves and 
it is now part of operating routine to operate this special blow- 
down once a week. 

Tn a boiler of this type it is possible to check the circulating 
ratio quite accurately by determining the solids concentration in 
the water at the circulating pumps and in the concentrated water 
leaving the steam-generating circuits, provided a representative 
sample of the latter can be collected. Fig. 3 shows a novel means 
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of collecting this sample from the concentrated water discharged 
into the drum above the water level. Six such blowdown collectors 
are uniformly spaced across the drum. The horizontal portions 
A are located directly under the slots of the reversing hoods which 
discharge water and steam into the drum. The upper surface of 
pipe A is perforated and designed to collect water at a rate several 
times greater than the maximum rate of blowdown. Any 
steam which enters pipes A is vented through an opening at B 
and the excess water is discharged through an opening at C. By 
proportioning the latter opening properly, a high collecting rate 
can be maintained in pipe A without filling the pipe, and the col- 
lecting rate is also independent of the rate of blowdown from the 
lower end of the collector at D. These blowdown collectors have 
been very satisfactory and result in minimum blowdown rate 
since they collect only the concentrated water which is dis- 
charged from the steam-generating tubes. 

Air Heaters. The air heaters have given excéllent service and 
there has been practically no maintenance. The steam soot blow- 
ers have never been used nor have the heaters been washed. They 
have been air-lanced on three or four occasions during scheduled 
outages but the necessity for this has never been urgent. In ac- 
cordance with manufacturers’ recommendations, compressed-air 
blowers were recently installed to bring the installation up to date. 
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Soot Blowers. Fig. 2 shows the location of the low-pressure soot- 
blower elements and also the position of the high-pressure re- 
tractable blowers located in the roof. These latter blowers had a 
sleeve around the blowing nozzle providing an annular passage to 
permit room air to be drawn in by furnace draft for cooling the 
blowers. After about a year of operation it was found that the 
portion of the sleeve projecting into the furnace was burned off 
and that the blowing elements were also badly damaged. In 
October, 1948, air under pressure was piped to these blowers 
to provide additional cooling. 

When the boiler was operated at 550,000 Ib per hr or higher, 
continuous output, it was found that an accumulation of ash’ oc- 
curred in the crotch and on the slope below the reheater. There 
was a tendency for this accumulation to grow quite rapidly and 
extend up the sloping screen tubes to the superheater. Five 
retractable mass-type blowers were installed on the slope in Au- 
gust, 1943. 

In 1944 the coal was poorer than normal and quite variable. 
Slag was sometimes difficult to remove from the furnace walls. 
The soot blowers in the superheater-reheater zone were badly 
damaged and practically useless and it was found that the steam 
pressure at the high-pressure blowers was considerably below the 
recommended operating pressure. Since the coal situation might 
get worse before it got better, it was decided to review completely 
the soot-blower situation with the manufacturer and take steps 
to improve the situation during the August, 1944, annual outage. 

During overhaul, additional bearings were provided for several 
of the low-pressure elements, particularly in the superheater- 
reheater zone. Replacement elements with larger nozzles were 
installed between reheater and front superheater and the wall 
boxes which were out of alignment were relocated. Operating 
mechanism of all blowers was overhauled and some changes made 
to facilitate operation. Two of the roof blowers were moved down 
to the side walls to replace wall blowers at the elevation of, and 
just in front of, the bottom of the slope below the reheater to as- 
sist the slope blowers which were not very effective near the side 
walls. The two side blowers thus replaced, plus one blower 
“stolen” from the upper front wall above the auxiliary burners, 
were located in the front wall at the elevation of the first row of 
observation doors above the burners. 

During the process of overhauling all the retractable blowers 
it was found that part of the damage and malfunctioning was due 
to lack of lubrication. A lubrication schedule was set up and 
central lubricating stations were installed so that several blowing 
elements could be lubricated from each station. With the excep- 
tion of the slope blowers there was very little soot-blower main- 
tenance during the following year and at the end of that time 
all of the blowers except those in the slope were still in good con- 
dition: The cleaning effectiveness of the blowers as a whole has 
also been very good since this August, 1944, overhaul. Part of 
this improvement can be attributed to the higher steam pressure 
available at the high-pressure blowers after repairing the pressure- 
reducing valve through which this steam passes. 

At the present time the nozzles of the slope blowers do not re- 
tract far enough to protect the blowing heads and there is con- 
siderable maintenance. Also, in spite of frequent lubrication, 
some of these blowers have become inoperative due to the action 
of heat on the lubricant. Correction of these difficulties is still 
being followed by the soot-blower manufacturer, but in fairness to 
him it should be pointed out that space limitations had made it 
necessary to install blowers with only 5-in. travel. The blowers 
must advance far enough so as not to cut the tubes in the slope 
and at the same time retract far,enough to be out of the heat, and 
the blowing head is about 2 in. long with three large nozzles cov- 
ering about 100 deg of blowing arc. 

Circulating Pumps. Except for two leaks at the circulating- 
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pump heads, the circulating pumps performed satisfactorily dur- 
ing the first 3 months of preliminary operation but toward the 
end of October, 1942, trouble developed in the labyrinth of one of 
the pumps. As described in reference (1) the labyrinth provides 
a means of sealing the pump against leakage of hot boiler water at 
nearly saturation temperature by introducing lower-temperature 
feedwater at a higher pressure at one end of the labyrinth pas- 
sage. The labyrinth is a close-clearance passage between moving 
and stationary parts and as the sealing water flows toward the 
leak-off point adjacent to the packing gland the pressure breaks 
down to about 150 psi. An increase in leak-off pressure could be 
caused by increased flow through leak-off piping and is an indica- 
tion of increased sealing-water quantity due to excessive wear in 
the labyrinth. This is how the first labyrinth trouble was de- 
tected. When the pump was opened up, the labyrinth surfaces 
were found to be badly worn, but new parts were installed without 
any changes except to realign the pump. 

The A pump which had a labyrinth failure in October, 1942, 
had another similar failure in November, 1942, and toward the 
end of December, 1942, the labyrinth in the B pump failed. New 
sleeve bearings were installed in the A and B pumps during Jan- 
uary, 1943, and the bearings of all three pumps were changed to 
hard babbitt in February, 1948. : 

During the overhaul for bearing replacement on the C pump, it 
was discovered that the pump could not be rotated until the sup- 
port under the coupling end of the bearing body was removed, and 
in March, 1943, the supports were also removed from under the 
coupling end of the bearing body on both A and B pumps. Indi- 
cators were used to record the amount of vertical and horizontal 
movement of each bearing body when the support was removed. 
It was found that these supports had been exerting a strain on the 
bearing body which probably was resulting in misalignment of 
the shaft in the labyrinth. It was later found that temperature 
changes within the pump and/or piping would produce a few 
thousandths of an inch movement of the floating end of the bear- 
ing body and that the upper and lower parts of the bearing-body 
bracket were not at the same temperature. Insulation was added 
to the lower part of the bracket to correct this latter condition. 

Also in March, 19438, the A pump labyrinth failed for the third 
time but the trouble was found to be corrosion or erosion of the 
casing in the labyrinth section. This was repaired by applying 
stainless steel and remachining. The other two pumps were 
overhauled during April and May, 1943, and there were no further 
failures in the labyrinths. However, there were several failures 
of B and C oil-pump spur gears later in the year; fiber gears were 
substituted and gave much longer life than the bronze gears. 

Bearing troubles were encountered not only with the circulat- 
ing-pump motors but on other pump motors in the station. The 
trouble in the case of the circulating pumps was diagnosed as 
being due to expansion of the pump shaft toward the motor a suffi- 
cient amount to put a thrust on the motor bearings. This move- 
ment had not been allowed for in the design of the motors. After 
the replacement of several sets of motor bearings, the pump manu- 
facturer corrected the trouble by the installation of limit stops 
in the flexible couplings located between motor and pump. 

Although there was no trouble or maintenance on the circulat- 
ing pumps since the spring of 1943, except oil-pump drive gears, 
the amount of water used to seal these pumps greatly exceeded the 
manufacturer’s predictions. The pipe carrying this water to the 
pumps from boiler feed pump discharge was therefore much 
overloaded, thus making it necessary to carry a pressure at the 
feed pumps about 200 psi above boiler pressure in order to have 
sufficient sealing-water pressure at the pumps. In order to be 
sable to operate with closer clearances in the labyrinth, to reduce. 
the sealing-water requirements, the pump manufacturer decided 
to rebuild the bearing body and to substitute roller bearings in 
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place of the babbitted sleeve bearings. The design of the laby- 
rinth was also changed to accommodate a mechanical seal between 
the sealing-water injection point and the impeller chamber. This 
seal reduced the leak-in of seal water to the pump practically to 
zero. Further reduction in sealing-water requirements was ac- 
complished by the close clearances in the labyrinth passages so 
that the over-all result was to reduce the injection water, leak-off 
and leak-in, to amounts far below the original predictions, and the 
high-pressure leak-off was eliminated completely. One of these 
pumps was rebuilt about February 1, 1945, and there has been no 
perceptible increase in sealing-water requirements.. This pump 
was dismantled after 2 months’ operation and the boundary sur- 
faces of the labyrinth passage were in excellent condition. The 
second pump has just been changed over and the third pump will 
have also been rebuilt by the time this paper is presented. 

Water-Level Indicators. Four water-level devices were in- 
stalled on this boiler, consisting of a recorder and an Eye-Hye 
gage on the operating panel, a double-window Bi-Color gage with 
21-in. visibility and mirrors on one end of the drum, and a double- 
window Micasight gage with 18-in. visibility on the other end of 
the drum. The indirect-type gages have been very satisfactory 
but they do not give a true indication when the pressure is below 
the design value, due to change in water density. 

The center of both water-level gages was originally located 10 
in. below the drum center line. This meant that in one gage the 
water level was still visible when there was only 61/2 in. of water 
in the drum, which would expose the modified suction-pipe cover 
plate, and result in steam,entering these pipes. The water col- 
umns were both raised so that the normal water level and center 
of gage are now 5 in. below the center of the drum. 

Illumination of the double-window Micasight gage was not 
sufficiently bright to permit the water level to be observed from 
the operating floor. The manufacturer decided that it would bea 
physical impossibility to line up the double-window gage for good 
visibility because there was only one spot on the operating floor 
from which the gage could be seen and part of the window was 
obstructed by a steel beam. A single-window gage of 12-in. visi- 
bility was substituted in August, 1943, but after a short period of 
operation the image of the water level became too faint to be seen 
from the operating floor. In October, 1945, the gage manufac- 
turer installed a new improved illuminator and mirrors to reflect 
the water-level image to a convenient point near the operating 
floor. Visibility of the image with new mica windows was very 
clear but decreased rapidly. It remains to be determined how 
often the mica will have to be renewed to maintain satisfactory 
visibility. - 

The Bi-Color gage has required frequent maintenance. It has 
been necessary to have a spare gage available for replacement due 
to the frequency of failures. One of the gages was modified by the 
manufacturer in February, 1944, but the modified gage was no 
improvement. The other gage was modified in a different manner 
in September, 1945, but failed after 8 days in service. One of the 
gages was recently assembled in an improvised manner and at the 
time of writing, has been in service 5 weeks which is the best rec- 
ord so far. However, visibility of the water line at the end of that 
time is only fair due to dirty mica. 

Burners. The automatic ignition system used light oil, me- 
chanically atomized and electrically ignited. From a control 
station it was possible to start up the oil pump, insert the ignition 
torches and ignite the oil. The principal trouble encountered was 
with the mechanism used to insert and retract the oil burners. 
The automatic features were discarded in favor of torches of 
steam-atomizing type using heavy oil and which are moved into 
position by hand. 

The pulverized-coal burners are located in the four corners and 
fire tangentially. No changes have been made except to incline 


the lowest row slightly downward to improve slag fluidity on the 
floor. 

There are four auxiliary oil burners in the upper front wall 
whith are required to maintain maximum steam temperature at 
reduced load when the unit is operating with a clean furnace and 
100 per cent oil fuel. These burners are not required to supple- 
ment coal-firing nor are they necessary with intermittent coal and 
oil firing. They have never been used and were found to be 
damaged due to radiant heat from the furnace after a year of dis- 
use. The vanes and other metal parts were burned or distorted. 
They were repaired and removable Fahrite protecting plates in- 
serted to shield them from the furnace heat. 

Miscellaneous: Valves, Piping, Ducts. During the period of 
preliminary operation, with frequent starting and shutting down, 
considerable trouble was encountered due to leaks in the bonnet 
joints of the large gate valves in the suction and dicharge lines of 
the circulating pumps. These flanged bonnets were originally in- 
stalled with ring gaskets of oval section. Leakage troubles were 
corrected by changing to gaskets of octagonal section. 

Two outages were charged to safety valves because two shut- 
downs were scheduled to lap-in the seats of leaky valves. 

There are two forced-draft fans and two air heaters with a com- 
mon preheated-air duct below the air heaters. Although dampers 
were provided at the inlet to each fan and air heater and, in the 
cold-air by-passes, these dampers did not prevent the preheated 
air from leaking through to the idle fan, when only one fan was in 
operation, and burning the paint on the fan. A crossover duct was 
installed in 1943, between the cold-air outlet ducts of the two fans 
to correct this condition. 

A program involving several changes in the exhaust-steam pip- 
ing between the high-pressure turbine and the low-pressure sta- 
tion header is in progress at this station for the purpose of reduc- 
ing the pressure drop between those points. The first change was 
to modify the outlet connection of the reheater, in August, 1944, 
when it was realized that a reduction in pressure drop of several 
pounds per square inch could be obtained. The reheater origi- 
nally had a single outlet near the center of the outlet header, and 
two additional 6-in. outlet pipes were added. 

Another piping modification was to install a by-pass line 
around the high-pressure feedwater heaters permitting both heat- 
ers to be out of service without having to shut down the high- 
pressure boiler. The by-passline also increases flexibility of opera- 
tion by facilitating an increase in the quantity of low-pressure 
steam from the high-pressure boiler without increasing the output 
of high-pressure steam. Under certain load conditions this would 
obviate the necessity of placing another low-pressure boiler in 
service or in any event decrease the urgency. 


RESEARCH AND TESTS 


Special Provisions. Before the boiler was placed in operation 
more than 100 thermocouples were installed at various points 
throughout the unit for the purpose of checking operating metal 
temperatures on furnace-wall tubes, superheater, reheater, econo- 
mizer, steam drum (lower), feedwater connections to drum and 
circulating-water connections to pumps. Nearly one half of these 
wereinstalled on the hot face of the furnace-wall tubes at an eleva- 
tion about 3 ft above the furnace floor. Pressure taps and Pitot 
tubes were also installed at various points in the circulating sys- 
tem, as illustrated in Fig. 4. Actually, the Pitot-tube locations 
were further from the elbow than this sketch indicates. 

During the course of subsequent special studies, after the boiler 
had been placed in operation, additional thermocouples were 
added to lower drum, circulating pumps, reheater, and on the fur- 
nace tubes at different elevations, bringing the total number of 
thermocouples installed up to about 275. 

Steam-sampling connections were initially provided on super- 
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heater inlet and dry drum, but for special studies additional sam- 
pling connections were made at dry drum, reheater outlet, high- 
pressure-turbine inlet, and high-pressure-turbine outlet. 

A special calorimeter was installed to check for the presence of 
steam in the suction pipes to the pumps and its operation is de- 
scribed in reference (5). 

The method of installing the thermocouples and the technique 
of using Pitot tubes has been described in references (6) and (7). 

Circulation. One of the first research studies was to check the 
total circulation and distribution of circulation to the four sepa- 
rate groups of parallel circuits comprising the four furnace walls. 
In each wall one circuit had been chosen for installation of a 
pressure tap on the downstream side of the orifice. The pressure 
difference between header and the downstream tap beyond the 
orifice could then be used to determine the rate of flow through 
the orifice, using calibration data reported in reference (8) Fig. 
39, which were determined for the orifice assembly shown in Fig. 
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38, this being an exact replica of the arrangement used in the 
Montaup boiler. All the orifices serving the circuits of a given 
wall are the same size; and, since the pressure drop across the ori- 
fices is large compared to the drop across the parallel heated cir- 
cuits, very little error is introduced by using the flow through one 
orifice to calculate the flow for the entire wall. Furthermore, all 
heated tubes of a given wall are nearly the same length and all 
have approximately the same exposure to heat. By measuring 
the pressure drop across four furnace-wall orifices, it was there- 
fore possible to determine the total circulation of the unit since 
there is no other steam-generation surface or no other stray cir- 
cuits except a connection to the economizer inlet; this is used to 
circulate boiler water through the economizer when the unit is 
being brought up to pressure preparatory to placing in operation. 

The Pitot tubes in the two suction pipes to the circulating 
pumps provided another means of determining the total circula- 
tion, except that this would not include the sealing water which 
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leaks into the pump. This leak-in can be checked by determining 
the difference between rate of feedwater flow and steam flow and 
of course making an allowance for blowdown. This was done on 
certain tests during 1944, but the flow data were taken during 
1942 and 19438, and no correction for leak-in was made because 
the quantity was of the order of 0.50 to 1 per cent of the water 
being handled by the pumps, and the accuracy of the flow data 
did not warrant this refinement since it is not claimed to be cor- 
rect within 1 per cent. 

Measurement of the pump head provided a third means of 
checking the pump capacity because a pump characteristic curve 
had been determined by shop test. Unfortunately, however, 
these tests were conducted up to a capacity of only 5000 gpm 
and the curve had to be extrapolated for comparison with some 
of the field data. : : 

A fourth method of checking the total circulation was by de- 
termining the difference in solids concentration in the water at 
pump discharge and leaving the evaporating circuits. The fol- 
lowing equation shows the relationship of the variables involved 


W/S = C1/(Ci — C,) 


where VW = weight of water entering furnace circuits 
S = weight of steam generated in furnace circuits 
C, = concentration of solids in water entering, ppm 
C, = concentration of solids in water leaving, ppm 


Since the feedwater is introduced at the bottom of the drum and 
does not mix with the steam in the drum, it is not heated to satu- 
ration before entering the suction pipe. There is, of course, some 
condensation of steam in both drums, and this would tend to make 
the weight of steam generated in the furnace circuits greater than 
the weight of steam metered at the superheater outlet. Conse- 
quently, the determination of W by using the weight of metered 
steam for S would give a value of W which would be lower than 
the true value. 

When this method was first used the difference in concentra- 
tion of chloride, sulphate, and total solids were all determined for 
comparison of the results but the time required-for analysis of the 
water samples was too great to permit frequent checking. The 
results reported herein are based on analysis for chlorides only. 
The chloride concentration at the pumps was generally between 
200 and 260 ppm, and it was considered possible with this concen- 
tration to determine the chloride by titration without involving an 
error of more than about 2 ppm. 

Fig. 5 shows a plot of the total flow of water through the orifice 
headers, based on measured orifice pressure drop using a mer- 
cury manometer. The data were collected at different operating 
pressures and rates of output, but the total flow appears to be 
independent of these variables over a wide range. There is, how- 
ever, a marked increase in circulation when the boiler is not steam- 
ing and when the water temperature is low. 

Fig. 6 is a similar plot of flow data based on pressure differen- 
tial measured by a mercury manometer across the Pitot tubes in 
the suction pipes. There is a greater spread in the data probably 
due to the effect of variable leak-in of sealing water, and the ef- 
fect of the economizer circulating line which was open during the 
period when most of the downtake flow data were taken. How- 
ever, this plot substantiates the previous statement that the total 
flow is quite independent of load and pressure. Figs. 5 and 6 
illustrate the fact that the flow with one pump is about 70 per 
cent as great as with two pumps. Three pumps were not oper- 
ated during the period when these data were taken, except at at- 
mospheric pressure with cold water (100 to 125 F) under which 
conditions three pumps produced only 15 per cént more flow than 
two pumps. 

Fig. 7 is a plot of measured flow rate in the suction pipes and 
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measured pressure difference between pump outlet and pump in- 
let, uncorrected for acceleration across the pump, superimposed on 
characteristic pump curves. The pressure difference was deter- 
mined by dual connections to a 12-in. Crosby test gage having 5- 
lb graduations which may have introduced considerable error in 
the pressure data. This may explain why some of the data do not 
fit the characteristic curves too well, but a small error in the flow 
rate may also be partly responsible. Also, the pump-head curves 
are plotted for 1750 rpm, and the pumps are motor-driven and 
operate at considerably less than full load amperage, particularly 
when the water density is low, so the actual pump speed may 
have at times approached 1790 rpm. The pump speed was not 
determined but the extent to which this variation would displace 
the head curve is indicated on the chart. The system resistance 
lines drawn through the test data can be considered as only ap- 
proximate since the data for one pump operation are meager and 
subject to large error in the pressure reading. 

* Fig. 8 is a plot of total water flow calculated from chemical 
concentration at pump discharge and leaving evaporating cir- 
cuits, the latter based on water samples from the continuous- 
blowdown collectors shown in Fig. 3. The data are plotted for 
two-pump and three-pump operation and two chemists worked 
independently on these results which explains why two different 
kinds of points are plotted for each series of tests. No allowance 
was made for steam condensed in the drum, which explains why 
total circulation by this method is lower than the results of the 
two other methods. 

It has been shown that the total circulating-water flow calcu- 
lated from the pressure drop across four orifices checks very well 
with the total flow calculated from Pitot-tube measurements in 
the suction pipes. The distribution of circulating water to the 
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TABLE 2. COMPARISON OF MEASURED DISTRIBUTION OF CIR- 
CULATING WATER WITH CALCULATED DISTRIBUTION OF 
HEAT TO STEAM-GENERATING SURFACES 
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walls can therefore be quite accurately determined from the 
same orifice pressure-drop measurements and the results of sev- 
eral tests are given in Table 2. When this unit was designed the 
orifices were selected so as to control the water flow to each wall 
in proportion to the calculated distribution of heat to the walls. 
The table shows how closely this distribution and control are 
being realized with only two orifice sizes, namely, 0.34 and 0.40 
in., and also illustrates that the distribution is practically the 
same for any load or pressure. 

The distribution of water to the two suction pipes was found to 
be practically 50-50 when the two outside pumps or the center 
pump was operating. It was sometimes nearly equal when the 
center and one of the outside pumps were used but en other occa- 
sions the distribution was 45-55. 

Fig. 4 shows that pressure drop could be measured across two 
orifices in the right side wall. Equal pressure drops were often 
noted but the maximum difference in flow rate on any test was 1.5 
per cent. 

A study was also made of water distribution to the two legs of 
bifurcated circuits in the right-hand and left-hand walls. These 
circuits are indicated in Fig. 4. In each circuit the orifice pres- 
sure drop was measured to determine water flow to the circuit 
and average velocity in the two tubes, assuming equal distribu- 
tion. .A calibrated Pitot tube was installed in each leg to check the 
distribution of flow. The average velocity based on Pitot-tube 
differential was lower than the velocity calculated from the meas- 
ured orifice flow but the distribution was nearly equal as indicated 
by Table 3. 

A calorimeter similar to that described in reference (5) was used 
to check for the presence of steam in the suction pipes. These 
tests involved not only the measurement of water temperature in 
the pipes but a check on the heat exchange in cooling this water 


Test Date Operating Boiler Distribution of Circulating Water 
Pressure Output Front Rear Sides 
6-20-43 1825 285,000 37.2% 30.5% 32.3% 
6-16-43 1840 450,000 37.3 30.1 32.1 
6-19-43 1850 515,000 37.5 30.2 32.2 
6-21-43 1875 565,000 37.7 30.5 31.3 
6-24-43 1880 610,000 37.7 30.5 31.3 
* 6-5-43 380 fe) 37-4 28.9 33-7 
6-5-43 1840 252,900 3704 29-9 32.7 
6-5-43 1850 385,900 37.3 29.9 32.3 
Lady, 1350 465,000 37.3 30.1 32.6 
4-22-43 1500 175,000 37.7 29.7 32.8 
4-23-43 1590 245,000 37.6 29.5 32.9 
4-23-43 1590 340,000 37.4 30.9 32.8 
4-23-43 1500 420,000 37.3 30.1 32.6 
7-20-42 850 110,000 35.6 30.90 344 
7-22-12 goo 156,000 34.3 30.1 35.5 
* 8-31-42 fo) to) 37.0 29.0 34-0 
® 8-31-42 te) ° 38.4 30.1 31.5 
8-31-42 fe) ie) 37.0 28.6 hos 


Calculated Distribution of Heat 
37 0ab 29.9% 33% 


*One pump used for these tests; all other tests based on two pump operstion. 


TABLE 3 DISTRIBUTION OF FLOW IN BIFURCATED CIRCUITS 


Date, 1943 -_ 6-16 6-13 6-20 6-21 6-24, 
Boiler output, 1000 1b/hr 450 515 235 565 610 
Boiler pressure, psig 1840 1845 1825 1875 1880 


Right-hand Furnace Wall - Circult No. 70 Tubes No. 139 and 140 


Flow Thru Tube 139 - % 49.8 50.9 49.1 49.9 48.1 
" " “ 10 -% 50.2 50.9 50.9 51.0 51.9 

Left-hand Furnsce Wall - Circuit No. 2 Tubes No. 3 and 4 

Flow Thru Tube No. 3 - % 50.5 50.2 Galt) 51.9 51.0 
a MW n 4-% 49.5 49.3 48.3 49.0 49-0 


about 200 F in the calorimeter. This gives a check on the pres- 
ence of entrained steam and none could be detected by this 
method. 

Other tests were conducted to check the water temperature at 
several points in the suction pipes between the drum and the 
pumps, by the use of iron-constantan thermocouples peened into 
the metal of the pipes under the insulation. A precision poten- 
tiometer, using an ice cold junction, was used and the data of 
Table 4 are typical of the results obtained with two-pump opera- 
tion. The difference between saturation temperature in the drum 
and the measured temperatures was 6 to 9 F which is about one 
half the calculated difference assuming no condensation of steam 
to heat the feedwater in the drum. Therefore these tests indicate 
that the rate of steam condensation in the drum was 10 to 15 per 
cent of the rate of steam flow leaving the unit and this correction, 
if applied to the Fig. 8 data, would bring the results of the chemi- 
cal method in very close agreement with the total flow determined 
by Pitot tube and orifice pressure drop. 

Furnace-Tube Temperatures. The measurement of the fire-side 
skin temperature of furnace-wall tubes is of considerable interest 
to boiler manufacturers and users. Thermocouples if carefully 
installed will give reliable readings over a period of several months 
and some have been in service more than 2 years. The skin tem- 
perature can be used to give an approximate evaluation of the 
rate of heat absorption at different levels in the furnace and to 
study the rate of slag or ash accumulation, as well as the effect 
of slag removal by blowers or by lowering the rate of steam genera- 
tion. Several papers discussing the effect of slag and ash on heat 
absorption are to be found in a recent publication (9), and some of 
the results of the studies at Montaup are included in these pa- 
pers.5 Another reference (10) discusses the effect of metal thick-_ 


5 Reference (9), Fig. 9, p.13; (see Fig. 14 of this paper). 
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Date, 1943 July 6 July 13 July 4 July 15 
Boiler output, 1000 1b/br 550 530 550 550 
Boiler pressure, psig 1875 1870 1875 1875 
feed temperature to drum F 510 520 500 525 
Saturated Steam Temp. F 628 628 628 628 
Temp. N. Pipe below 

upper elbow, F -- 621 619 621 
Temp. at suction header, F 622 622 619 -- 
Temp. at "A" pump inlet, F 621 622 619 621 
Temp. at "B" pump " F 621 - -- -- 
Avg.(to nearest deg.) F 621 622 619 621 
Qifference from saturation F -7 -6 -9 -7 


ness, heat absorption, and internal-surface factors on the tube- 
metal temperature. 

The data obtained at Montaup and already published show 
that even in a bare-tube furnace and in the zone of highest flame 
temperature with pulverized-fuel firing, the hot face metal tem- 
perature with normal slag covering was only about 50 deg F 
above saturation temperature. The tubes are 1!/, in. OD 0.165 
in. minimum wall thickness, but the average wall thickness is 
probably more nearly 0.180. It may therefore be readily cal- 
culated from the charts and equations of reference (10) that 
the heat absorption at the point of temperature measurement 
was only about 50,000 Btu per hr per sq ft, allowing for reasonable 
drop at the evaporating film. These data also show the effect of 
deliberately removing the slag and ash coating from a portion of 
the wall, thus exposing a small surface to the full radiation of the 
flame at a temperature approaching 3000 F. Under these condi- 
tions the skin temperature rose to a maximum value 172 deg F 
above saturation (786 F — 614 F saturation temperature), and 
the corresponding heat-absorption rate would be about 150,000 
Btu per hr per sq ft, allowing for temperature gradient between 
inside surface and the evaporating water. These values represent 
the extreme rate of heat absorption to which these bare tube walls 
could be subjected because if a larger area in the zone of high 
temperature were clean the radiating temperature and the aver- 
age heat-absorption rate would both be lower. 

In June and July, 1943, a study was conducted to learn the ef- 
fect of circulation rate on the polished interior surface of several 
tube specimens installed in several furnace-wall circuits. In each 
of three circuits having different-size orifices a pressure tap was 
available on the downstream side of the orifice so that the water- 
flow rate in each could be determined by measuring the orifice 
pressure drop. The results of the flow measurements appear in 
Table 5, section A. 

There were three thermocouples at the 30 ft elevation on side- 
wall tubes Nos. 3 and 5, and at the 24 ft elevation in the rear wall 
there were three couples on tube No. 87 and two on tube No. 81. 
When tube-temperature measurements on the side-wall tubes are 
compared to those on the rear-wall tubes, it should be considered 
that the side-wall tubes are very close to a corner of the furnace. 
The couples on tubes Nos. 81 and 87 were quite close to a furnace 
wall blower, and the temperature readings reflected the effect of 
blower operation. At the end of 2 weeks continuous operation, 
with coal-firing, and with the boiler operating at maximum guar- 
anteed output, tube-temperature data were collected; some of the 
readings are included in Table 5, section B. 

All these thermocouples were read daily at less than hourly in- 
tervals fora month. It was noted that tube No. 81 was more sen- 
sitive to wall blowing than No. 87 but never did the temperature 
of either tube exceed 720 F even immediately after operating the 
blowers. On some occasions after soot-blowing, the temperature 
spread for the five couples was less than 10 deg F. From these 
observations it was concluded that variation in circulation from 
57 to 230 per cent of normal had no effect on the tube tempera- 
tures. 


421 


TABLE 5 EFFECT OF VARIABLE ORIFICE SIZE ON CIRCULA- 
TION AND TUBE TEMPERATURE AS SHOWN BY (A) FLOW DATA 
AND (B) TEMPERATURE DATA 


A - Flow Date - June 14 & 15, 1943 - 18. si_- 465,000 1b/hr output 


Wall Location 


Left Left Rear Rear 
Circvit Tate No. 3&4 5&6 87& 88 81 & 82 
Orifice diemeter, ia. 0.50 0.24 0.24 0.25 
Water Flow, 1b/nr 12,000 5,150 6,400 3,625 
Inlet Tube Velocity, ft/sec. 9.1 3.9 4.82 2.73 


B - Tempersture Date - June 22, 1943 - 1820 psi - 650,000 1%/hr output 


Tube No. 3 5 87 81 
Elevetion sbove floor, ft 30 30 2h, a 
No. of couples 3 3} 3 2 
Vax. Temp., F 663 657 690 702 
Min. Temp., F 639 644 652 644 


* There was no downstream orifice pressure tap on this circuit but the 
water-flow figure given was obtained on the same size orifice in the 
opposite side wall. 


In October, 1944, the boiler was placed in operation with oil- 
firing after an outage. Under these conditions the furnace walls 
were clean and remained clean while tube temperatures were 
taken. Oil was fired tangentially through burners interposed be- 
tween the coal burners, and it would therefore be expected that 
tube temperatures in the lower part of the furnace would be much 
higher than with coal-firing. Fig. 9 illustrates the results of these 
tests and shows the variation in tube temperature at different 
elevations above the furnace floor when the boiler output was 
varied from 260,000 to 560,000 Ib per hr. At each elevation 
noted two thermocouples were installed 1 in. apart, one as a 
check against the other, because previous experience had indi- 
cated that a couple sometimes becomes shorted against the cover 
plate, thus giving a high and erroneous reading. At the time 
these studies were made a panel of eight tubes in the right-hand 
side wall was being used for another special study of the effect of 
the orifice size on internal tube conditions, but tubes No. 133 and 
139 were the only two tubes of the group which had couples in- 
stalled at the 5-ft and 11-ft elevations. Tube No. 133 is one of a 
pair served by a normal-sized 0.34 in. orifice in the trunk of the 
bifurcate; tuke No. 139 was one of a pair having no orifice below 
the bifurcate but having an individual orifice of 0.25 in. in each 
tube above the bifurcate. The calculated water-flow rate to 
each of these tubes is the same. The location of this group of 
tubes is one where maximum flame temperature would most likely 
occur but it will be noted that the maximum tube temperature 
measured was 720 F. 

The object of the special study started in 1944, and just men- 
tioned as involving a group of eight tubes in the right side wall, 
was to confirm over a l-year operating period, with routine 
boiler-water control, the general conclusions resulting from the 
shorter study of tube temperature and interior-surface condition 
of the rear-wall and left side-wall tubes. The four bifurcated ele- 
ments chosen were side by side in a zone of high heat absorption 
and actually straddled a wall-blower element located about 34 ft 
above the furnace floor. Test specimens of new tubing were 
installed in all eight tubes, extending from approximately 18 to 25 
ft above the floor, and two thermocouples were installed on each 
tube at each of the following elevations: 18 ft, 24 ft, and 26 ft. 
One bifurcated circuit had a normal orifice, one an oversize, one 
an undersize, and one element had individual orifices in each leg 
which were installed at two butt-welded tube joints in the form 
of a diaphragm-backing-ring with the orifice hole drilled through 
the center of the diaphragm. During the first month the boiler 
was coal-fired at design pressure and daytime load generally be- 
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tween 550,000 and 610,000 lb per hr, followed by 4 days’ opera- 
tion with 100 per cent oil at 550,000 lb per output. Table 6 pre- 
sents the range of readings at each elevation on each of the eight 
tubes during these two periods of operation. 

It will be noted that tube No. 139 had abnormally high tem- 
peratures at the 18-ft elevation, although they were normal at the 
two higher elevations. The boiler was taken off the line July 16 
for a scheduled outage, and a blister was found on tube No. 139 at 
about 10 ft above the floor. A short piece was welded in and the 
boiler placed in operation the following day, but temperatures 
were still somewhat higher than normal at this one elevation. 
Subsequently, a probe was run up into these two individual ori- 
fices to make sure they were clear and after that the boiler was 
operated for over a year with normal temperatures. In October, 
1945, these individual orifices were removed and it was discov- 
ered that the probable cause of the blister was welding scale which 
had formed on and near the orifice during welding and which had 
subsequently flaked off and restricted the flow. Jn further dis- 
cussion of the temperatures in Table 6, the figures given for tubes 
Nos. 139 and 140 will not be considered. 

Table 6, section A, shows a wide variation in temperature due 
to the effect of ash building up and falling or being blown off the 
tubes. At the lower elevations the metal was practically at satur- 
ation temperature when covered with ash and never exceeded 705 
F under normal operating conditions. At the highest elevation 
which was still about 8 ft below the nearest wall blower the. mini- 
mum and maximum temperatures were higher due to more ef- 
fective cleaning and lower rate of accumulation after cleaning. 
Table 6, section B, shows that with oil-firing the spread in tem- 
perature at all couples was much less than with coal, due to more 
uniform ash conditions at the absorbing surface. This part of the 
table also shows that with oil-firing the tubes are hotter at the 
lower elevations as would be expected with a cleaner furnace. In 
no case is there any significant difference in temperature that can 
be attributed to orifice size. 

Steam Purity. Because of the several changes and modifica- 
tions which were necessary before satisfactory steam purity was 
obtained, considerable data were collected on this subject. Dur- 
ing the early part of this work samples were taken from the 
“dry”? drum to determine the effectiveness of the separating ap- 
paratus in the “‘wet”’ drum and from the inlet header of the super- 
heater to determine the final result. However, it was found that 
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TABLE 6 FURNACE-TUBE TEMPERATURES AT DIFFERENT 
ELEVATIONS ON TUBES HAVING DIFFERENT SIZE ORIFICES 
WITH (A) COAL-FIRING AND (B) OIL-FIRING 


A- Coal Firing - 4 Weeks at 550,000 to 610,000 lb/hr Load 


June 12 = July 12, 1944 


Orifice Size +34 ~30 50 on 225 
Circuit Tube No. 133 134 135 136 137 138 139 140 
Elev. 18! Max. 705 705 665 680 675 690 790 700 

Min. 630 630 630 630 630 630 630 630 


Elev. 24! Max. 705 695 685 695 680 680 690 685 
Min. 630 630 630 635 635 635 635 645 
Elev. 26! Max. “725 -— T0 «720 —--. --- 695 720 
Min. 645 --- 650 650 --- --- 645 655 


B- Oil Firing - 4 Days at 550,000 1b/hr Load 


July 12 - July 16, 19, 


Tube No. 133 134 439-135. 136) 137, 38. 1139), 440 
Elev, 13! Max. 690 715 700 ‘LO 720 710 785 695 
. Min. 680 670 665 665 670 670 710 655 
Elev. 24! Max. 690 685 680 680 675 695 690 690 
Min. 655 660 660 650 640 655 650 650 

Elev. 26! Max. 690 —— 670 685 —- = 680 690 
Min. 665 —- 655 660 — —— 655 660 


under certain conditions the steam conductivity was lower (indi- 
cating better purity) entering the final drying screens than leayv- 
ing the screens, as determined by the superheater inlet-header 
sample. Switching the conductivity cells at the two sampling 
points did not change the results. Some time later it was dis- 
covered that if steam conductivity data were collected during a 
period when saturated steam was being taken from the dry drum 
for operation of the soot blowers, the conductivity of the super- 
heater inlet-header sample fluctuated rapidly, and the average 
was much higher than when the soot blowers were not being 
used. This led to the installation of a sampling nozzle in the su- 
perheated-steam line near the high-pressure-turbine inlet, and it 
was found that this sample had a lower conductivity and did not 
fluctuate or increase very much during soot-blowing periods. 

When the final changes were made to the dry-drum internals, a 
long sampling nozzle was installed at the outlet of the final drying 
screens between the screens and the several off-take tubes lead- 
ing to the superheater. Furthermore, the off-take nozzle for sup- 
plying soot-blower steam was extended through the screens, as 
A sampling connection was 
made in the side of a horizontal run of this small soot-blower 
steam pipe (dictated by convenience), and subsequent checks on, 
steam purity entering the final drying screens were made only 
during periods of soot blowing. ' 

It was found that the source of make-up water and the season 
of the year had a very marked effect on steam conductivity leay- 
ing the high-pressure boiler. For example, there was a period dur- 
ing the spring of 1944, when it became necessary to use one of the 
low-pressure boilers as an evaporator for the make-up water. 
Raw water was evaporated in the boiler and condensed in the low- 
pressure units and it was found that the conductivity almost 
immediately increased about 1 mmho all through the station at 
points where it was being measured, such as at condenser hot 
wells, feed line and high-pressure-boiler steam outlet. This 
increase was found to be due to an increase in ammonia. There 
is also a seasonal variation in ammonia caused by the make-up 
water from the evaporators, even though the make-up is only 
about 2 per cent. For example, the uncorrected conductivity of 
steam in August, 1945, was about 3.5 times greater than the cor- 
rected value but less than 1.5 times greater in the month of May, 
1945. The corrected value is currently obtained by passing the 
condensed sample of steam through a degassifier; earlier values of 
the gas correction were obtained either by checking for ammonia 
and carbon dioxide in the sample or by comparing the uncorrected 
conductivity with the results of gravimetric measurement of the 
total solids. . 
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Fig. 10 shows the relation between total solids, determined by 
evaporation, and the conductivity of undegassed samples of con- 
densed steam. The generally accepted conversion factor by 
which conductivity of a degassed-water sample is multiplied to 
obtain ppm of dissolved solids, is 0.60. Fig. 10 shows that when 
the evaporators were used for make-up the factor was about 0.40 
in the cold-weather months, and 0.20 or less in the warm-weather 
months; but when the low-pressure boilers were used to evapo- 
rate the make-up, the factor was only about 0.20, even in the cold- 
weather months. 


. MONTH 
@ — JANUARY TO APRIL 
o —JUNE AND JULY 
x» — JANUARY TO APRIL 


SOURCE OF MAKE-UP 
— EVAPORATOR 
— EVAPORATOR 
— UP. BOILER 


TOTAL SOLIDS — PPM 


4 
CONDUCTIVITY - MICROMHOS 


Fie. 10 Rexiation BeTwEEN ConpvuctTiviTy anp ToTaL Soups 
DETERMINED BY EVAPORATION 


All the condensed-steam samples which were evaporated for 
total-solids determination after the final changes were made in the 
drum internals were obtained at boiler loads between 550,000 and 
650,000 lb per hr. For each of these determinations a 3-liter 
sample was evaporated to dryness in the special steam-sample 
evaporator which is described in another paper of this series (11), 
and the results are given in Table 7. 

The conductivity of undegassed-steam samples taken from the 
dry drum ahead of the final drying screens was found to be 4.23 
mmho and 4.56 mmho at boiler loads of 620,000 and 650,000 lb 
per hr, respectively. Other samples, evaporated during the same 
week, indicated that the conversion factor was 0.20 or less, so the 
corresponding total solids in the dry drum would be 0.85 and 0.91 
ppm, respectively. This would indicate that without the dry 
drum the purity would be equal to or better than the minimum 
guarantee of 1 ppm which has now been recommended by the 
American Boiler Manufacturers Association and Affiliated Indus- 
tries (A.B.M.A. and A.I.). The guarantee on this unit was 0.50 
ppm, and the screens in the dry drum removed enough moisture to 
bring the final results below the guarantee as will be seen from the 
results given in Table 7. 


TABLE 7 STEAM-PURITY eR RC ANE Eee BY EVAPORA- 


June 13 to July 20, 1 


Boiler Output Number of Boiler Water Steam Sample 
1b/hr Determinations Avg.# T.S.opm Avg.* T.S.opm 
550,000 3 593 0.34 
572,900 3 1107 0.34 
610,000 7 598 0.37 
650,000 ty 1137 0.37 


. * T.S. is total solids determined by evaporation, 


Effect of Circulation Rate on Internal Surface of Tubes. In June, 


1948, the boiler was placed in operation with one oversize and one 
undersize orifice. The location of the circuits, orifice size, and 
relative circulation rates are given in Table 5, section A. Table 5, 
section B, lists the number and location of thermocouples which 
were installed in 2-ft-long sections of new tubing having polished 


inside surfaces. These sections were installed to determine 
whether corrosion would occur on polished surfaces with the new 
potassium treatment, including the feeding of silica, and whether 
rate of circulation had any effect. A polished section was also 
installed in the adjacent rear-wall circuit near the discharge end, 
in the zone above the furnace roof where the tube would not be 
exposed to heat. 

At the end of 1 month of operation at 470,000 lb per hr average 
load and 630,000 lb per hr maximum load, one half of the polished 
sections were removed from the two rear-wall tubes. A super- 
ficial examination revealed no difference between the two tubes; 
each was lightly and uniformly coated on the inside with a film of 
gray sludge, and under the coating of each the metal had been 
slightly attacked on the fire side but less so on the side toward the 
casing. 

At the end of another month of operation at an average load of 
510,000 lb per hr, the remaining half of the original polished sec- 
tions were removed from the rear-wall tubes. Again a super- 
ficial examination revealed no difference between the two sections 
but there were a few small pits on each. The polished sections 
from the side wall were not removed for examination at this time 
since the study of the rear-wall tubes had shown no difference 
in appearance even with relative circulation rates of nearly 2 to 
1. The results of a more elaborate examination of the forego- 
ing and other polished sections removed at later dates are dis- 
cussed in another paper of this series (12). 

In June, 1944, when it had become apparent that the omission 
of silica from the water treatment had resulted in improved condi- 
tions, another special study was commenced involving four circuits 
in the right side wall as previously mentioned and described (see 
Table 6). After a year of operation tube sections were removed 
from these circuits in September, 1945. Again, superficial examin- 
ation of the tubes indicated that the rate of circulation, within the 
range of 200 to 75 per cent of normal, had little effect on the ap- 
pearance of the surface. Regardless of rate of circulation, all the 
tubes had a light coating of black sludge of less thickness than had 
been found the year previous; the side toward the fire was much 
cleaner than the side toward the casing; metal under the film was 
very smooth on both fire side and casing side except for numerous 
small pinpoint pits which occurred more frequently on the un- 
heated side than on the heated side. 

Table 8 shows the marked difference in weight of deposit for 


» 


= 
TABLE 8 COMPARISON OF WEIGHT OF SLUDGE SCRAPINGS 
FROM TUBES WITH See oe AND NORMAL ORI- 


Orifice Designation Oversize Normal Undersize 
Orifice: Diameter - in. 0.50 0.34 0.30 
Tube Number 138 134 136 
Weight of Sludge - Milligrams 
Fire Side 162.1 96.90 97-5 
Casing Side 244.1 179.0 146.7 
Total 406.2 27520 24h 2 


the fire side compared to the casing side; in each case the tubes 
were split along the vertical axis separating the fire side and the 
casing side, and all the sludge deposit from a 5-in. length was re- 
moved and weighed. It willalso be noted that the tube which had 
the highest rate of circulation also had the largest deposit of 
sludge. 

Theresults of acarefulexamination of the surfaces of other speci- 
mens from the same tubes are discussed in another paper of this 
series (12). 

PERFORMANCE 


Circulating Pumps. The boiler is normally operated with two 
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pumps running and the third pump idle with suction and dis- 
charge valves closed. Normally, at least one dual-drive pump is 
always in service and after 3 years of operation a power failure 
did occur and trip out both pump motors; the turbine drive on 
one pump took over the load and maintained full speed on one 
pump. Test data plotted in Figs. 5 and 6 show that two pumps 
handle about 3,200,000 lb per hr and since the operating water 
content of the boiler is about 30,000 lb (exclusive of economizer), 
this represents a recirculation rate of more than 100 times per hr. 
The ratio of water to steam for any rate of output can also be read- 
ily determined from either Fig. 5 or Fig. 6. It will be noted that 
at maximum load of 650,000 Ib per hr, this ratio is about 5 with 
two-pump operation, and the same ratio would be maintained 
with one pump up to a load of about 450,000 lb per hr. At 
650,000 lb per hr load with one pump the water-to-steam ratio 
would be nearly 3 to 1, a condition which should not cause any 
trouble during an emergency period since it has been proved in 
experiments with circuits that operation at one half normal circu- 
lation over a period of 2 months produced no ill effect. It has, 
however, been the practice not to exceed 400,000 lb per hr output 
with one pump, particularly if the other two pumps were not in 
condition to operate. There were short periods early in 1943 
when only one pump was in operating condition, but Table 1 
shows that no outage of the boiler was ever caused by the circu- 
lating pumps. 

The circulating-pump specifications rate each pump at 3500 
gpm 50 psi head (184 ft) when handling water at 630 F and oper- 
ating at 1750 rpm, but shop tests by the manufacturer indicated 
the total head to be 192 ft at the capacity mentioned. Owing to 
conservative pressure-drop calculations for the circulating sys- 
tem,the actual resistance for a given flow rate is lower than antici- 
pated, and consequently, the pumps operate at higher than de- 
sign capacity. Fig. 7 would indicate that when two pumps are 
operating, each is handling about 4600 gpm rather than 3500 gpm 
and that with single-pump operation the capacity is nearly 6000 
gpm. : 

With two-pump operation each pump uses an average of 37 
amp at 2300 v which is equivalent to about 3,500,000 Btu per hr in 
fuelfired, or a gross input to the two motors equal to less than 0.5 
per cent of the fuel fired at maximum load. The hydraulic horse- 
power under the same conditions would be 240 for two pumps, 
which represents input of energy to the water at the rate of about 
600,000,Btu per hr, so the net consumptign of the pump drivers 
would be equivalent to 0.35 per cent of the heat in the fuel fired 
at maximum output. 

Heat Absorption and Distribution. No attempt was made to 
check the actual distribution of heat to the various furnace walls 
but it can be calculated from average heat-absorption rate and 
exposed surface with due allowance for surface effectiveness. 
Table 2 shows that measured distribution of water to the various 
furnace walls is almost identical to calculated distribution of heat. 

Distribution of heat to various other parts of the unit such as 
superheater, reheater, economizer, and air heater, is readily 
checked by measuring temperature rise or drop of one or both 
fluids and calculating or measuring the quantity of the fluids. 
Total heat absorption of each part of the unit was very close to 
manufacturer’s predictions, except in the case of the reheater 
which was too conservatively designed. The method of correct- 
ing the reheated-steam temperature has been discussed elsewhere 
in this paper. 

Figs. 11 and 12 show the results of informal tests in October 
and November, 1943, with both coal and oil firing, compared to 
predicted performance for coal-firing represented by the curves. 
The steam-temperature controller was set to maintain 950 to 
960 F, according to the Micromax recorder, and the reheat tem- 
perature was also being regulated according to recorder, but at the 
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end of the tests the recorder was checked and found to be reading 
15 deg F too high. The corrected temperatures are plotted and 
therefore fall below the predicted values. However, for the 
tests above 450,000 lb per hr output higher steam temperature 
could readily have been obtained, because during these tests the 
by-pass dampers were being used to reduce the temperature of 
high-pressure steam, and the reheated-steam temperature was 
being reduced by desuperheating. ; 

In comparing the results of the oil-firing and coal-firing tests it 
should be noted that oil was used only for the duration of the 
tests and coal was used during about 16 hours of each day. 
Therefore the furnace walls and other heating surfaces were not 
as clean as would be the case with prolonged used of oil. 

Although the average gas temperature leaving the two heaters 
was close to contract predictions, the air temperature during these 
tests was higher than predicted. The three factors responsible 
for this were: (a) lower ratio of air to gas (b) higher gas-inlet tem- 
perature, (c) higher air-inlet temperature; but because of con- 
servative selection of air-heater surface, the air-heater heat ab- 
sorption was close to predictions. Air leaks into the economizer 
were responsible for the low ratio of air to gas, and these have 
been stopped, thus reducing both air-outlet and gas-outlet tem- 
peratures. 

Superheat Control. Steam temperature from the high-pressure 
superheater is automatically controlled and the equipment used 
is described in another paper of this series (13). Automatic regu- 
lation of both sets of dampers at the economizer outlet results in 
very close regulation. Starting with the conditions which exist 
immediately after operating the furnace wall blowers, the by-pass 
damper is fully closed or slightly open depending upon the rate 
of output. As the furnace accumulates ash and the gas tempera- 
ture increases, the by-pass dampers automatically open and main- 
tain the steam temperature within +5 F of thedesired limit. At 
the end of an8-hr operating period the by-pass dampers will be 
50 to 80 per cent open, depending upon the output rate and the 
nature of the coal. Then, as the wall blowers are operated, the 
by-pass dampers operate automatically to compensate for the ef- 
fect of removing the ash from the walls and maintain the same 
close regulation of steam temperature during the cleaning period. 
Tests were conducted to determine the full effect of operating the 
by-pass dampers from closed to 75 per cent open. As mentioned 
elsewhere the lower economizer dampers close as the by-pass 
dampers open, but a stop on the regulator cylinder prevents the 
former from closing fully, because full closing has never been nec- 
essary to obtain the desired control. Fig. 13 shows the results 
of these tests and illustrates how the heat absorption of the com- 
bined economizers increases as the by-pass*dampers open, thus 
compensating for the decreased superheater absorption and result- 
ing in very little increase of final gas temperature. Oil-firing was 
used in order to maintain uniform conditions of furnace cleanli- 
ness during the tests. 

Capacity and Flexibility. The maximum peak capacity of the 
boiler has never been determined. The maximum demand has 
been 670,000 Ib per hr but the feeders, burners, fans, and circulat- 
ing pumps are adequate for higher output. 

At reduced pressure there is no decrease in circulation, and the 
volumetric percentage of steam in the mixture leaving the gener- 
ating tubes will increase so the average velocity in the tubes is 
greater. The unit is therefore very flexible as regards operation 
at variable pressure, and the upper limit of capacity would be 
governed by considerations of steam purity and steam tempera- 
ture rather than circulation. These upper limits were not deter- 
mined. During special tests on the high-pressure turbine, wide 
swings in pressure, output, and steam temperature were accom- 
plished very rapidly and with an excellent degree of control. 

The boiler has a very stable water level even under extreme op- 
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erating conditions of sudden load increase or decrease. In fact, 
sudden emergency load changes have occurred without any per- 
ceptible change in water level. Also, on the occasion of furnace- 
tube failures, it has not been difficult to maintain water level 
while reducing load and pressure in an orderly manner. 

Efficiency. Coal and ash samples were not collected during the 
informal tests conducted in 1943, so complete heat-balance 
figures are not available. 

The contract over-all efficiency with coal-firing at 650,000 lb 
per hr output was 89.3 per cent, based on coal of 14,200 Btu 
per lb, with 2.8 per cent moisture as fired; and based on 15 per 
cent CO, in gases at the economizer outlet, with 290 F gas tem- 
perature leaving the air heater, 80 F entering-air temperature, 
and with 0.6 per cent allowance for unburned combustible. 

During the reported tests at 650,000 lb per hr output, the COs 
at the economizer outlet averaged 15.2 per cent, the air entering 
the heaters was 110 F, and gas leaving the heaters 306 F. Tests 
to determine heat loss due to combustible in fly ash were con- 
ducted at a later date when the maximum load demand on the 
boiler averaged 572,000 lb per hr, the CO, entering the convection 
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superheater section was 16 per cent, and the average heat loss 
in the fly-ash combustible for two tests was 0.47 per cent. The 
results of two other tests with 15 per cent COs, at the same output, 
averaged 0.34 per cent heat loss in the fly-ash combustible. 


CoNCLUSION 
The authors have revealed all the experiences with this high- 
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pressure boiler in considerable detail so that others may benefit 
from a knowledge of what has been going on at this station during 
the last 3 years. The special test and research activities reported 
in this and its companion papers (11, 12, 13) represent only a part 
of the total number of special studies conducted. Many of these 
were associated more with operation problems of the station as a 
whole than with problems peculiar to the forced-circulation boiler. 
The judgment of those responsible for selecting a bare-tube, slag- 
ging-bottom, radiant, forced-circulation boiler for this high-pres- 
sure application has been verified by the operating record of this 
boiler. 
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Discussion 


Lewis J. Dawson.* It may be in order at this time to restate 
the suction conditions under which the circulating pumps operate 
in order that the importance of the labyrinth design can be 
understood. The water handled by the impeller is at full boiler 
pressure of about 1900 psi and at the corresponding saturation 
temperature of 630 F. The pressure, temperature, and incipient 
flashing preclude the possibility of using a conventional stuffing 
box in which the packing is subjected to suction conditions. 
The injection and bleed-off arrangement is required to give safe 
stuffing-box conditions and normal packing life. The labyrinth 
must be of a reasonable length and of close clearance to reduce 
injection water requirements. These two factors make it im- 
portant that labyrinth alignment be maintained. 

After it became apparent that misalignment was causing the 
labyrinth failures, the support under the coupling end of the bear- 
ing body was removed which allowed the pump to move freely with 
the piping so that no internal misalignment could occur. Méas- 
urements were taken of the movement of the free end under 
various operating and stand-by conditions. These measurements. 
revealed that pipe movement was the major factor, with uneven 
bracket temperature of secondary importance. Variations in 
these measurements, both vertical and horizontal, could be ob- 
tained by warming and starting one of the remaining two pumps, — 
showing that temperature changes in the common piping affected 
alignment of the unit being measured. Equalization of bearing- 
bracket temperature did not restore alignment. 

The units are equipped with spacer-type gear couplings, so that 
the resultant 0.030 to 0.040 in. misalignment between pump and 
driver can be tolerated. In connection with the couplings, the 
author has mentioned the limit stops which were installed to pre- 
vent motor bearing failure. It is a sad commentary on motor 
design that all large motors must be protected in this manner 
because of inadequate thrust-bearing capacity. 

Failures of oil-pump spiral drive gears were found due to wear 
in the oil-pump shaft bearings. This resulted in improper 
alignment and tooth contact between gear members. The new- 
design bearing housing has incorporated a ball-bearing oil-pump 
shaft support. 


6 Field Engineer, Cameron Engineering Service, Ingersoll-Rand. 
Company, Phillipsburg, N. J. Jun. A.S.M.E. ° 
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With reference to Fig. 7 of the paper, it is probable that the 
actual operating speed is close to 1790 rpm under the reduced 
horsepower loading. The majority of the steaming test points 
fall reasonably close to the revised head-capacity curve. We 
note that the field points having greatest deviation are all from 
high-temperature water readings. Checking the point of greatest 
deviation, calculating the water horsepower and comparing it to 
brake horsepower input, we arrive at a pump efficiency 21 per 
cent greater than the manufacturer’s shop test curve value at the 
corresponding capacity. This would lead us to believe that the 
Pitot tube calibration is off at high water temperatures and corre- 
sponding low densities. 


AvutTuors’ CLosuRE 


The same data which Mr. Dawson used in arriving at his state- 
ment that pipe movement was the major cause of pump mis- 
alignment can be interpreted differently when all the operating 
procedures occurring at the time of measurement are also taken 
into consideration. 

Fig. 4 shows the position of the suction pipes to each pump, and 
the suction header which is common to all three pumps. The 
horizontal movement of these three pipes was measured at an 
elevation 20 ft above the pumps during the process of raising 
pressure on the boiler and it was found that there was no move- 
ment of the center pipe while the movement of each outside pipe 
was about 1/,in., but in opposite directions, as would be expected 
due to expansion of the suction header. This being the case, one 
would expect the movement of the coupling end of the bearing 
to be in opposite directions on A and C pumps, and no movement 
on B pump, if due to pipe strain. Instead this end of the bearing 
body moved downward on all three pumps, from a cold to hot 
condition, and the cause of the pump misalignment therefore is a 
controversial subject. The fact remains that the trouble was 
corrected by merely allowing the coupling end of the bearing to 


float freely and by taking steps to equalize upper and lower bear- 
ing bracket temperatures. 

The authors desire to comment further on the tube failures 
which occurred on October 26, 1945. The amount of sludge 
found in the drum after this failure was greater than had pre- 
viously accumulated during any operating period of equal dura- 
tion, and this sludge was nearly 70 per cent copper. Sludge de- 
posits from the generating tubes were also higher in copper con- 
tent than previously noted. This would indicate that prior to 
this failure unusual feedwater contamination in the form of corro- 
sion products, including copper, had been prevalent. 

The failures located 20 ft above the floor were diagnosed as 
having been caused by sludge deposits and subsequent over- 
heating sufficient to cause weakened metal and intergranular rup- 
ture. The failure close to the furnace floor may also have been 
started by sludge accumulation which increased the outside sur- 
face temperature a sufficient amount to accelerate external 
tube corrosion. Concurrently corrosion was causing a thinning 
of the metal from the inside and laying down a deposit of the 
corrosion product, iron oxide, to further insulate the inside of 
the tube. When the tube became thin enough a small bulge oc- 
curred which quickly overheated locally until rupture occured. 

After acid washing the boiler, thermocouples were installed at 
four elevations between 8 in. and 24 ft above the floor on the tube 
which had failed close to the furnace floor. During the past 
five months these couples have been read twice daily and some 
of them connected to a recorder for a continuous record. The 
metal temperature 8 in, above the molten slag on the floor varies 
between saturation temperature (about 630 F) and 765 F but 
there has been no gradual increase as would be expected if sludge 
were again accumulating on the inside surface. The maximum 
temperature at higher elevations has been 10 to 20 deg F lower. 
The furnace tubes were checked for external corrosion about 
January 1, 1946, and there was no evidence of any further attack 
on any of the walls. 
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Special Studies of the Feedwater-Steam 


System of the 2000-Psi Boiler at Somerset 
Station of Montaup Electric Company 


By W. D. BISSELL,! B. J. CROSS,? anv H. E. WHITE$ 


In conjunction with other studies on the high-pressure 
forced-circulation boiler at the Somerset Station of the 
Montaup Electric Company during the past 3 years, tests 
to determine, particularly, the extent of dissolution of iron 
throughout the system, and the formation of high-iron 
sludges were made. A summary of the findings of this 
investigation are given in this paper. 


pressure forced-circulation boiler at the Somerset Station 

of the Montaup Electric Company covering the past 3 
years, a special study was made on the feedwater and steam sys- 
tem particularly with regard to the dissolution of iron through- 
out the system, and the formation of high-iron sludges within the 
boiler. This paper gives a summary of the findings of these 
studies. 

The period covered by this work was from January, 1944, to 
October, 1945. The boiler was thoroughly cleaned by acid 
treatment late in December, 1943. The boiler water has been 
continually on potassium-salt treatment since May, 1943. 

Over the past few years the occurrence of iron oxide in boilers 
has become a matter of interest, if not concern, to operators of 
high-pressure boilers, as the presence of this substance must 
always indicate corrosion in some part of the system. Usually 
the amount of iron oxide is small by comparison with the large 
area of steel surfaces involved, and the indicated loss of metal, if 
uniformly distributed, is not large enough to be a cause of great 
concern. If, however, there are small areas of concentrated 
attack, the amount of iron oxide found may well indicate serious 
corrosion leading to failures. 

Even in the case of uniform corrosion of iron which in itself 
may not be a serious matter, the accumulation of the solid 
products might lead to failures in the boiler by insulation effect 
on surfaces receiving heat and also by obstructing passages and 
thereby interfering with circulation of water. 

Sludge deposits found in the high-pressure boiler at the Somer- 
set Station were of particular concern because tube failures that 
had occurred were attributed to these deposits either on the sur- 
faces of the tubes or on the strainers protecting the orifices in the 
tube circuits. 

The examination of samples of tubes cut from furnace walls at 
periodic examinations disclosed a thin film of deposit on the en- 
tire inner surface of the tube. On the evaporative surfaces the 
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deposit was usually baked on in a semiscalelike form. On the 
inactive surfaces it occurred as a slime which dried out to a dust. 
Both types of deposits could be removed with a stiff brush. 
Slime deposits of sludge also were found in the inlet headers, on 
orifice strainers and on other surfaces not exposed to external 
heat. Scalelike flakes of caked sludge have been found lodged in 
the holes in the strainers. Some of these flakes had a curvature 
indicating that they had formed in headers or downtake piping. 
Deposits found in the drum were more granular than those found 
in the tubes and probably represent the heavier components of 
the sludge. 

The composition of the sludge varied somewhat with location 
but all deposits had a high proportion of black iron oxide. Typi- 
cal analyses of sludges are given in Table 1. 


TABLE 1 TYPICAL ANALYSES OF SLUDGES 

SAMPLE NUMBER . 1 2 3 4 5 6 

IRON AS Feo0z - PER CENT 53.3 47.0 78.3 27 63 42 
PHOSPHATE AS P205 - PER CENT 18.5 3.3 6.0 20-25 6-8 12-15 
SILICA AS Si02 - PER CENT 6 TRACE AB <5 1 TRACE 
CALCIUM AS CaO - PER CENT 12.3 4.1 6.5 20.0 10 15-20 
MAGNESIUM AS MgO - PER CENT 10.3 16 5 12-15 4-8 8-10 
COPPER AS Cu - PER CENT - 41.3 4,2 - fy 2 
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The high proportion of iren oxide in these sludges naturally led 
to some concern as, if it were formed entirely within the boiler, it 
might indicate severe local corrosion or pitting that would result 
ultimately in failure. 

The accumulation of sludge, regardless of its composition, in 
the boiler might result-in stoppages of furnace circuits or over- 
heating of metal by insulation of heat-absorbing surfaces. Cor- 
rosion may occur as a result of the concentration of boiler-water 
salts under deposits of sludge on heating surfaces. It is known 
that adherent scales may form under such deposits on steam- 
generating surfaces as a result of the concentration of the com- 
ponents in the sludge ‘‘sponge” and the higher metal temperature 
resulting from the insulation of the metal. 

The high-pressure boiler at this station delivers steam at 1850 
psig and 950 F to the high-pressure turbine. This turbine ex- 
hausts through a reheater to the low-pressure system. The 
water supplied to the boilers is condensate with make-up supplied 
by evaporators. The principal outside sources of contamination 
were condenser leakage and evaporator carry-over. 

A simplified diagram of the feedwater system is shown in Fig. 1. 
The condensate from the hot-well pumps passes successively 
through the oil cooler, 15th-stage heater, deaerating heater, 10th- 
stage heater, low-pressure feed pumps, exhaust heater, extraction 
heater, high-pressure feed pumps, high-pressure heaters, and to 
the economizer. The drips from the various heaters are re- 
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Fig. 1 Simeriripp DiaGRAM OF FEEDWATER SYSTEM 


turned to the main stream as indicated. The gland water for the 
circulating pumps is taken before the high-pressure heaters. 
The high-pressure leak-off is returned to the feed-pump suction 
and the low-pressure leak-off to the deaerating heater. Sam- 
pling points are indicated in this diagram and are also listed in 
Table 2. The fluid temperature and pressure and the type of 
cooling coil used are given in this Table. 


TABLE 2 LOCATION AND DATA OF SAMPLING POINTS 
TEMPERATURE PRESSURE COOLING COIL 


oy LB/SQ IN 
POINT A ~ HOT WELL PUMP 80-100 40 NONE 

B - 15TH STAGE HEATER 160 40 Sf, STEEL 
C — DEAERATOR OUTLET 215 80 COPPER 
D — 10TH STAGE HEATER 240 80 " 

EZ - LOW PRESSURE PUMP 250 500 " 

¥ — EXHAUST HEATER 290 500 " 

G - EXTRACTION HEATER 340 500 " 

H - ECONOMIZER INLET 450 2150 " 

I — ECONOMIZER OUTLET 520 2150 . 

J - STEAM DRY DRUM . 630 1950 MONEL 
K - STEAM SATURATED HEADER 630 1930 n 

L - SUPERHEATED STEAM 950 1850 " 

M - BOILER BLOW DOWN 630 1950 " 


This diagram represents the condition at the time most of the 
work reported was done. Minor changes have since been made. 


Scorer or INVESTIGATION 


The feedwater study may be divided into several phases both 
on the basis of the nature of the work done and on the time 
periods. Because of wartime restrictions of both manpower and 
equipment, all of the work could not be carried on simultane- 
ously. Each phase of the investigation is listed in the following 
tabulation and is discussed in order: 

Period 1. 


(a) The continuous measurement of hydrogen in feedwater 
and steam and oxygen in feedwater. 

(6) The measurement of total solids in feedwater, steam and 
blowdown. 

(c) The measurement of suspended solids in boiler water at 
shutdowns of the boiler. 

(d) The study of gases in steam, particularly as affected by 
small variation in boiler-water conditions and the normal irregu- 
larities in the functioning of auxiliary equipment. 


Period 2. The exploration of the feedwater system for dis- 


solved hydrogen, dissolved iron and changes in alkalinity (pH). 


Period 8. 
Miscellaneous studies as follows: 


(a) Copper in feedwater. 

(b) Bead column and ion exchanger column tests. 
(c) Tube-temperature measurement. 

(ad) Corrosion detector. 


The work under Period 1 was done during January, February, 
and March, 1944. 

Period 1 (a). Recording hydrogen meters were set up to give 
a continuous record of the dissolved hydrogen in feedwater and in 
the steam delivered by the boiler. As hydrogen is one of the 
products of the reaction of water with iron, the amount of hydro- 
gen evolved may be taken as a measure of the rate of corrosion. 
As irregularities in the performance of the deaerating heater 
were suspected, a dissolved-oxygen meter was also installed to 
sample the feedwater to the boiler. With the exception of short 
outages for adjustments and maintenance, these instruments 
have been in continuous operation since January, 1944. Origi- 
nally they were installed close to the point of sampling but 
later moved, when stainless-steel tubing became available, to a 
more convenient location for observation by the boiler operators. 

The hydrogen record for the 3-month period, January, Febru- 
ary, and March is plotted in Fig. 2. Steam flow and boiler pres- 
sures are also shown on this chart. It may be seen that while the 
hydrogen content of the feedwater is substantially constant, the 
hydrogen in steam showed relatively high values in the early part 
of January, with a gradual reduction in these values until they 
leveled out at 1!/, to 1 part per billion over the feedwater values. 
While the high hydrogen values during the first week of the 
month may be partly accounted for by the lower rating, it is be- 
lieved that they are in greater part due to residual hydrogen in 
the system following the acid wash. 

The feedwater sample was usually taken from the economizer 
inlet. It was, however, occasionally taken at the economizer out- 
let. The values for hydrogen at the economizer outlet fell 
between those of the inlet and the steam leaving the boiler. 

The significant feature of these hydrogen curves is the fact that 
they show that a large part of the hydrogen in the steam enters the 
boiler with the feedwater. Also there is an indication from ~ 
the few readings taken that there is an increase in hydrogen 
across the economizer. 
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Fic. 2 Hyprocen Content REecorp or FEEDWATER FOR 3-MontH PERIOD 


A consideration of the probable reaction of iron with water 
presents the possibility that hydrogen may be evolved in the 
economizer and boiler without any reaction involving the metal 
of the boiler. It has been proposed that in the lower-tempera- 
ture areas the reaction may be 


Fe + 2H.0 — Fe(OH): + H: 


At the higher temperature of the boiler and economizer the fer- 
rous hydroxide may react to form magnetic oxide 


3Fe(OH), > FeO. + 2H,0 + Hz 


If, however, all of the hydrogen formed in the boiler came from 
this second reaction, the relative amounts of H, in feedwater and 
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steam would be 3 to 4. Actually it is nearer to 2 than 3, which 
indicates some reaction with the boiler metal. 

During the 3-month period represented by this chart there were 
sporadic occurrences of small amounts of dissolved oxygen in the 
feedwater to the high-pressure unit. Changes in the deaerating 
system, made in the spring of 1944, resulted in consistently good 
removal of air and since that time the feedwater has been sub- 
stantially oxygen-free. 

Period 1 (b): Total Solids in Feedwater, Steam, and Blow- 
down. The first approach to the sludge problem was a study of 
the amounts of total solids delivered to the boiler in the feed- 
water and leaving the boiler with the steam produced and the 
blowdown removed. Samples of feedwater, steam and blow- ~ 
down were collected in hourly increments over an 8-hr period. 
These samples were evaporated to dryness and the residues 
weighed. The standard-size samples were 3 liters for the feed- 
water, 3 to 4 liters for the steam, and 1/2 liter for the blow- 
down. All samples were evaporated without boiling in closed 
containers ventilated with filtered air. 

The results of a number of determinations are given in Table 3, 
with the calculations leading to the total amounts of solids de- 
livered to the boiler and removed from the boiler for a 24-hr 
period. Feedwater and steam flows were taken from station 
meters. The boiler blowdown was passed through cooling coils 
and weighed. Because of the dilution of the feedwater with 
condensate from the high-pressure and the extraction heater 
after the point of sampling, it was necessary to correct the total 
solids in feedwater by analysis for this dilution. Also, because 
some of the steam produced is diverted through the high-pressure 
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heater and returned to the boiler as feedwater, the measured 
steam flow must be reduced by that amount. ; 

It will be noted that there is in each case a positive unaccounted- 
for balance which presumably remains in the boiler. 

In a number of tests the iron content of the total-solids residues 
was determined. The calculations for iron were carried out in 
the same manner as for the total solids and a figure for iron re- 
maining in the boiler was obtained. These results also are given 
in Table 1. As with total solids, there is a positive unaccounted- 
for amount of iron. 

Period 1 (c): Suspended Solids in Boiler Water. A measure of 
the relative amount of sludge formed and remaining in the boiler 
was afforded by the determination of turbidity of the boiler water 
that occurs when the boiler is taken out of service. It had long 
been noted that on shutting down the boiler the water becomes 
turbid and that the maximum concentration of suspended solids 
occurred at the pressure interval of 600 to 400 lb pressure; this 
being at the time the fires were extinguished. Advantage is 
taken of this period to remove much of the accumulated sludge 
by blowing down. During January, February, and March, 
1944, each week was a test period during which modifications in 
operating procedure were tried. After each week the boiler was 
taken out of service and the turbidity measured while the boiler 
was being blown down. 

A graphic log of a typical shutdown is shown in Fig. 3. The 
various observations and measurements are plotted against 
time. 

The rate of reduction in load and pressure is shown in the 


TABLE 3 RESULTS OF TESTS TO DETERMINE TOTAL SOLIDS IN FEEDWATER, STEAM, AND BLOWDOWN 


DATE - 1944 1/26 
STEAM FLOW (METER) 1000 LB/HR 461 
HP HTR DRIPS (EST) 1000 LB/HR 80 
STEAM TO LP SYSTEM 1000 LB/HR 381 
TOTAL SOLIDS IN STEAM - PPM .76 
IRON IN STEAM - PPM . 026 
F.W. FLOW (STEAM + B.D.) 1000 LB/HR 461,500 
T.S, IN FEED WATER (EXTR.BTR.) PPM 1.76 
IRON IN FEED WATER (EXTR.HTR.) PPM . .146 
TOTAL SOLIDS CORRECTED (DILUTION BY 
H.P. DRIPS) 1.59 
IRON CORRECTED (DILUTION BY H,P,DRIPS) .123 
BLOW DOWN - LB/HR 500 
TOTAL SOLIDS IN BLOW DOWN - PPM 454 
IRON IN BLOW DOWN - PPM .160 
FLOW - 1,000,000 LB/DAY 
FEED WATER AT EXTR, HTR, HERO75 
STEAM TO L,P, SYSTEM 9,144 
BLOW DOWN sold 
SOLIDS - LB/DAY - IN FEED WATER 17.609 
IN STEAM 6.949 
IN BLOW DOWN 5.448 
UNACCOUNTED TOTAL SOLIDS Seale 
IRON - LB/DAY - IN FEED WATER 1.362 
IN STEAM 238 
IN BLOW DOWN .003 
UNACCOUNTED - IRON Vater 


lowermost graphs with notation of various operations. The 
2/1 2/8 2/16 2/22 3/14 
461 464 461 465 554 
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boiler had been in operation approximately 1 week using the B 
and C circulating pumps. 

The dissolved hydrogen in feedwater and steam are plotted 
only up to the time that reduction in pressure occurs. The 
readings beyond that time had no significance as the flow of 
sample was too much reduced. The slight rise in hydrogen as 
the steam flow is reduced. is characteristic of most of the shut- 
downs and may be due to the increased concentration of hydrogen 
with reduced flow of steam. 

The reduction in concentration of chloride and sulphate is the 
result of increased rate of blowdown and is a measure of the 
dilution of boiler water with the increase in feedwater rate. _ 
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The phosphate does not show a corresponding reduction in con- 
centration, indicating a slight “hideout” of that chemical. When 
corrected for dilution, a recovery of about 1 lb of phosphate as 
PO, is indicated. There is also a slight increase in the silica con- 
tent of the water. 

There are two graphs for boiler-water turbidity, one based 
on samples taken at the boiler blowdown, the other on sam- 
ples taken at the discharge of the circulating pumps. While 
there is good.agreement in the two sets of samples, the latter are 
regarded as the more accurate as the sampling lines were much 
shorter. The turbidity rose sharply to a maximum value of 135 
ppm at the time the fire was extinguished, then decreased to 
50 ppm by 5:40 pm. At that time the A circulating pump which 
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had been out of service for a week was started. The increase in 
turbidity from 50 to 125 ppm was caused by the sludge that had 
settled out on the valves at the pump. As the water content of 
the boiler under nonsteaming conditions is about 50,000 lb, 
this increase in turbidity corresponds to 31/2 lb of sludge. 

The composite sample taken over a 20-min period at the time 
indicated in the graph was assumed to represent the maximum 
sludge brought into suspension. The peak turbidity was of short 
duration and the sludge was probably not thoroughly distributed 
in the mass of the boiler water. 

The shutdown procedure, as indicated on this chart, was es- 
tablished for the shutdown of January 29 and was followed as 
closely as possible on all subsequent tests. 

The results of the turbidity measurements for January, 
February, and March, 1944, have been plotted in the lower 
graphs of Fig. 2 using, with the exception of January 22, the results 
of the composite samples. On the January 22 shutdown no 
composite sample was taken and the point indicated off scale 
was that of the maximum turbidity sample. 

As may be noted, there is a decrease with time in the amount 
of sludge stirred up at shutdown periods. The high turbidity of 
the January 22 samples, which represented a full-pressure 
operating period of about 2 weeks, may be attributed at least in 
part to the effect of the acid wash. The gradual reduction in 
sludge over the 3-month period was principally the result of a 
closer control of condenser leakage and evaporator carry-over. 
Subsequent to this period of operation, sludge-collecting chambers 
were installed between the ends of the rear-waterwall inlet header 
and the side-wall inlet headers and also a sludge blowdown pipe 
was installed at the bottom of the main boiler drum. These 
were blown down once a week and the accumulated sludge thus 
removed during operation. 

Period 1 (d): Gases in Steam. The study under this item was 
in greater part unrelated to the work covered in this report. A 
portion of the program, however, was a measurement of the gases 
in feedwater and steam and the results afforded an independent 
check on the hydrogen, indicated by the recorders. Samples of 
water and steam were passed through a special degasifier and the 
gases removed were accumulated until the quantity was sufficient 
for analysis by a modified Orsat apparatus. The results of these 
determinations indicated hydrogen values of the same order as 
those shown by the recording instruments. The readings of the 
dissolved-oxygen recorder were also checked using a modifica- 
tion of the Winkler test. 

Period 2: Hydrogen, Iron, and pH. The work covered by this 
period was carried on during the interval, October, 1944, to April, 
1945, after two additional hydrogen recorders had been acquired. 
The two original recorders had been set up permanently to sample 
the feedwater entering the economizer, and the steam leaving the 
desuperheater. One of the new recorders was set up at the hot- 
well-pump discharge, and the second one was arranged so that it 
could be moved to various locations along the line of feedwater 
flow. , 

The pH of the water was measured at the sampling points and 
samples were taken for the determination of iron. The pH was 
measured by an electrometric meter using a flow cell located at 
the point of sampling. It was found to be essential in the 
measurement of pH of water of high purity that the samples be 
not exposed to the air. Large errors may result from absorption 
and possibly the release of gases. Water samples of 1 liter were 
taken in hourly increments for the iron determination. A 
laboratory sample of 500 ml was evaporated to dryness in a dust- 
free atmosphere, then taken up with 1 ml of hydrochloric acid 
and diluted to 50 ml. The iron was determined by a colorimetric 
method using a photoelectric colorimeter. 

In the determination of these very small quantities of iron 
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extreme care was necessary to avoid contamination of the 
samples. For this reason the samples were not filtered as this 
operation would involve a hazard of contamination through ex- 
posure to the air. Although the samples were all crystal-clear, 
occasionally one would show an inordinately high iron content, 
and it was suspected that an unnoticed particle of sludge had been 
included. In such cases the result was discarded. 

The results of a number of tests are shown in the graphs in 
Fig. 4. Various conditions of load and pressure are represented. 
The values for dissolved hydrogen, pH, and iron are plotted for 
the various sampling points. The plotted points represent the 
average of daily samples taken over a 6- to 8-day period. It was 
not possible to take samples from all points during any one test 
period and usually 6 points were selected for each test. The 
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selection was varied for different tests so that samples at all 
points were obtained during the course of the study. 

For the study of hydrogen the plan was to have one meter 
stationed at the hot well and to advance the second one suc- 
cessively to stations along the line of flow. The hot-well sample 
consistently showed zero hydrogen throughout the study. No 
hydrogen was found at the deaerator outlet or the 10th-stage- 
heater outlet. Sporadic readings of low values were obtained at 
the discharge of the low-pressure boiler feed pump. From this 
point on there was a gradual increase in the quantity of dis- 
solved hydrogen along the path of flow to the maximum values 
shown for the superheated steam. This study shows that all of 
the hydrogen which appears in the boiler feedwater originates 
in the feedwater system. The hydrogen in the steam is removed 
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TABLE 4 RESULTS OF TESTS TO DETERMINE AMOUNT OF COPPER IN FEEDWATER 
COPPER - PARTS PER MILLION 
TEST NO, 3 AVERAGE AVERAGE AVERAGE 
SAMPLE 9/19 9/20 9/22 9/24 9/27 TEST 3 TEST 2 TEST 1 TEST 1-2-3 
15TE STAGE HEATER DRIPS .007 .005 .004 .004 .007 005 .009 .007 007 
HOT WELL .009 .022 .007 .006 .009 O11 009 O12 O11 
DEAERATOR OUTLET * -012 .006 .007 .007 = 008 O11 012 -Oll 
DEAFRATOR OUTLET ** sOLS 9.008) 7009), ,.009 ...017 .011 O11 .014 012 
SATURATED STEAM ,0081.007) 5.006) 006. 0NS -008 009 012 010 
AMMONIA NITROGEN - PARTS PER MILLION 
15TH STAGE HEATER DRIPS 10 , 20 oA5 -10 08 sal - = elat 
HOT WELL LL SOM ecONeeecO) ire LS 18 = = 18 
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The pH value of the samples varied over a relatively narrow 
range during this series of tests. The pH values at the hot well 
were between 8.3 and 8.6. There was a reduction in the deaerator 
due to removal of gases, apparently NH;. The rise in pH at the 
extraction heater is ascribed to the effect of the treatment 
chemicals that are introduced ahead of that point, although it 
may be due in part to vapor from the evaporators which is intro- 
duced into the deaerator. 

The values for the iron content of the water at the various 
sampling points are given in the upper group of points. The 
points of each test are connected by lines to form curves only the 
better to identify the several points of the test. While there is 
wide divergence in values, particularly at the economizer inlet, 
the points of each test form the same general pattern. No rela- 
tion is evident between the iron content of the water and changes 
in pressure and boiler load. It may be concluded only that iron 
and dissolved hydrogen increase together. If we may be per- 
mitted to use the average of the rather scattered points for iron 
values at the economizer inlet, it may be pointed out that this 
average value corresponds closely to the amount of hydrogen in 
the superheated steam. From the equations given earlier, of the 
probable reactions for the dissolution of iron, one part per billion 
of hydrogen is the equivalent of 0.021 ppm ofiron. The average 
hydrogen of the steam is 3.3 ppb corresponding to 0.069 ppm of 
iron. The average of the economizer feedwater is 0.079 ppm 
iron. There is as close an agreement as could be expected. 

The miscellaneous projects listed under Period 3 represent 
work done at various times during the course of the investigation. 

Period 3 (a): Copper in Feedwater. The measurement of 
copper in the feedwater was made because of the presence of that 
element in all deposits found in the boiler. As the condensers 
were suspected of being the principal source of contamination 


of condensed steam from the 15th-stage-heater drips were taken 
as representative of steam delivered to the condenser and a sample 
was taken at the discharge of the hot-well pumps for comparison. 
Samples were also taken of water leaving the deaerator and 
saturated steam leaving the boiler. : 

The analysis was made on 500-ml samples evaporated to dry- 
ness in the same manner as for iron. The determination of cop- 
per was by a colorimetric method. As there was a question of 
possible contamination of the samples by the use of copper cool- 
ing coils, a comparison was made between copper and monel 
coils and between copper and stainless-steel coils. There was no 
indication of contamination from the copper coils and in fact the 
very small differences in copper content of the samples from 
the three coils favored the copper coils. The sample reported is 
that taken with the stainless-steel coil. 

The results of the series of tests are given in Table 4. Daily 
results for a 5-day period are given with the average for this 
period and the average for two similar periods. While the 
amounts.of copper reported are quite small, there is a consistent 
increase across the condenser. The indication of copper in the 
condensed-steam sample is rather surprising. These samples 
were condensed in a monel coil, and there is a possibility of con- 
tamination from that source. The comparative tests of monel 
and steel coils at the deaerator outlet where the sample was cooled 
only in the coil cannot be taken as assurance that there is no 
contamination under-condensing conditions. 

It should be noted that there are other possible sources of cop- 
per contamination than the condenser that were not investigated. 
These are the 10th stage heater and low-pressure pumps having 
bronze impellers. There are also steam-air heaters in the coal- 
preparation house, the drips from which are returned to the feed- 
water system. 
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Period 8 (b): Bead and Ion-Exchange Columns. The plating 
out of iron-rich deposits on conductivity cells, glass tubing, and 
rubber tubing through which samples of feedwater and steam 
were drawn has been observed in a number of plants. 

At the Somerset Station attention was first called to this 
phenomenon by the necessity of cleaning the conductivity cells 
and their glass containers at least once a week. It was first 
assumed that the deposit was a result of oxidation of a ferrous salt 
and the deposition of the more insoluble ferric compound. The 
cell and thermometer were inserted in the container through a 
rubber stopper, not necessarily an airtight seal. It was, however, 
noted that the glass and rubber connections between the cooling 
coil and the cell, where there was little possibility of air leakage, 
were also coated with a similar deposit. 

This deposit was easily removed by washing with dilute hydro- 
chloric acid. Usually aslight to strong odor of hydrogen sulphide 
was noted when the cell on the steam sample was washed. 

In order further to study this plating-out effect, bead columns 
were made up consisting of 1/,-in-ID pyrex tubing packed with 
1/,-in. soda-glass beads. These were set up,at sampling points so 
that a sample could be drawn through them slowly and at a 
measured rate. The sample stream was arranged to flow across 
the top of the column into a spill tube, and the sample to the 
column was drawn from this stream. There was thus no syphon 
effect and the pressure at the connections was always above 
’ atmospheric. The rate of flow was adjusted to 1 liter per hr, and 
the tests were continued until 25 liters were drawn through the col- 
umn. The effluent was measured in 10-liter graduated bottles. 

A synthetic-resin ion-exchange column, operating on the hy- 
drogen cycle, was prepared and tested together with the bead col- 
umn. It had substantially the same dimensions as the bead 
column and took a sample from the same stream and at the same 
rate of flow. The purpose of the test was to determine the 
possibility of the quantitative removal of small amounts of dis- 
solved salts and their recovery in the column wash in more con- 
centrated solution. If successful, this method could be used in- 
stead of the usual one involving the evaporation of large samples, 
except, of course, where the determination of silica is involved. 
The exchange medium used was an analytical grade of a com- 
mercial product. 

Daily samples were taken of the influent and analyzed for iron. 


TABLE 5 RESULTS OF TESTS TO DETERMINE TOTAL SOLIDS 
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Electrical conductivity and pH were measured for both influent 
and effluent. At the end of the sampling period the deposit in 
the bead column was dissolved with dilute hydrochloric acid, 
and the total solids as chlorides weighed. Iron and copper were 
determined in the residue. The ion exchange column was re- 
generated with dilute hydrochloric acid followed by a rinse with 
distilled water, and the extracted solids were recovered. Total 
solids as chlorides, iron, and copper were determined. 

The results of two tests, one on a sample from the deaerating 
heater and the other on a sample from the extraction heater are 
given in Table 5. The ion exchange column is designated by the 
letter A and the bead column by B. The columns were in opera- 
tion for 8 hr daily for a period of 3 days. Based upon the inlet 
and outlet samples, the recovery of iron on test 1 was 100 per 
cent for the A and 50 per cent for the B column. The actual re- 
covery by extraction of the columns was 63 per cent for A and 25 
per cent for B. It was found that the extraction of the ion- 
exchange bed was incomplete, and in the second test the acid 
strength was increased with resulting better recovery. 

The recovery of iron for test 2 on the basis of inlet and outlet 
samples was 69 per cent for the A column and 39 per cent for the 
B column, compared with 99 per cent and 39 per cent, respec- 
tively, by extraction. The values by extraction are believed to 
be more nearly correct as at the higher concentration a greater 
accuracy of analysis is possible. ; 

It will be noted that both conductivity and pH are reduced by 
the bead column which might indicate that the iron removed is 
in the form of ferrous hydroxide. The changes in conductivity and 
pH across the ion exchange column are what would be expected. 
When the positive ions are retained in the ion exchange process 
an equivalent amount of acid is produced. 

The principle involved in the plating-out effect exemplified in 
the bead column is not known but is believed to be a surface- 
adsorption effect. Iron appearing in the deposit is in the form of 
ferric oxide; hydrated ferric oxide and magnetite. Silica also is 
present, its source probably being the soft glass beads. It is 
probable that the silica in the deposit is incidental and is not in- 
volved in any reaction with the iron. The iron deposits occur in 
pyrex tubing, rubber tubing, and on the inner surfaces of the 
various cooling coils. The entire feedwater system is undoubt- 
edly lined with this deposit and probably much of the iron de- 


AS CHLORIDES, IRON, AND COPPER Ee BEAD AND ION 


EXCHANGE COLUMNS AT DEAERATING HEATER AND AT EXTRACTION HEATE 


TEST NUMBER 1 2 
SAMPLE DEAERATOR OUTLET EXTRACTION HEATER OUTLET 
SAMPLE VOLUME 25 LITERS 25 LITERS 
WATER TO COLUMNS 1 2 3 1 2 3 

IRON - PPM 2014 2012 eee O50 .069 058 © .056 

CONDUCTIVITY - MMHO 3.0 6.5 3.05 4.35 5.05 2.65 

PH 8.55 8.60 8.59 8.36 8.48 8.34 

COLUMN COLUMN 
A B A B 

WATER FROM COLUMNS 

IRON - PPM 0 ) 0 .007 .006 .026 SO. AO Ole» GOL 04 ols 

CONDUCTIVITY - MHO COM SISe5 seus 3.5 7.25 2.95 9.84 9.85 3.70 ASO Paes eo 

PH 7.0 4.65 6.0 8.5 8.4 8.2 4.75 4.77 5.05 7.76 8.20 8.09 
COLUMN EXTRACTION MG PPM MG PPM MG PPM MG PPM 

TOTAL SOLIDS 63.6 2.52 21.0 .84 68.0 3.72 3.50 .140 

IRON 296 .0158 .159 =. 006 1.153  .060 -600 .024 

COPPER 945 .0378 -635 .025 -520  .021 -325 .013 
RECOVERY OF IRON 

1 BASED ON INLET AND OUTLET 100 ¥ 50 % 69 F 39.5 & 

2 BASED ON INLET AND RECOVERY 63 % 25 4% 99.2 4% 39.4 © 
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posits noted in the boiler tubes may be accounted for by this 
property of plating-out on all surfaces. 

The concentration of salt cations by means of the ion-exchange 
column did not work out well, principally because it was difficult 
to make a complete extraction of the retained material, and 
particularly the iron. While the residue remaining in the bed 
after regeneration was very small, even when the conventional 
wash was used, it represented a relatively large percentage of the 
total. This objection could be met by using a larger sample so 
that the unextracted portion would be negligible. The actual 
capacity of the bed was in only very small fraction realized by the 
25-liter sample used. It is believed that this method of concen- 
tration of sample has promise and should be further explored. 

Period 8 (c): Tube-Temperature Measurement. 'Tube-tempera- 
ture measurements have been reported in another paper of this 
group. One purpose of these measurements was to determine 
whether or not there was any, progressive increase in tube tem- 
perature that might be ascribed to internal deposits. Daily 
readings of temperatures of a group of tubes in the north wall gave 
no indication of appreciable internal deposits. The thermo- 
couples were located at elevations of 5 to 25 ft above the hearth. 
A recent inspection following a tube failure at a 1-ft level, how- 
ever, disclosed sludge deposits that would have been indicated by 
a couple at that elevation. 

Period 3 (d): Corrosion Detector. In an attempt to obtain 
a quantitative check on the rate of solution of iron in the feed- 
water, a corrosion detector was installed in one branch of the 
boiler feed line leading to the economizer. This corrosion de- 
tector consisted of a short rod of carbon steel machined flat on 
two sides. It was mounted so that it could be removed without 
disturbing any of its original surface. This detector was recently 
examined after an exposure of 1 year. After being carefully 
cleaned in an ammonium-citrate solution, it was found to have 
lost 0.25 g of its original weight of 14 g. This loss if evenly 
distributed corresponds to 0.0001 in. penetration. There was, 
however, one small pit of about 0.005 in. depth. The surface was 
darkened and coated with a powdery film of what appeared to be 
an iron oxide. This corrosion detector was returned to its posi- 
tion in the feed line and will be again examined after a period 
of exposure. 

The rate of metal loss, as indicated by the direct determination 
of iron content of the water and also by the measurement of the 
evolved hydrogen, isnot large. Translated into inches penetra- 
tion per year over the areas of the preboiler equipment and of the 
boiler itself, it would not be an impressive figure and would not 
lead to any great apprehension as to the imminent failure of any 
part of the equipment. There would, however, be cause for con- 
cern if the loss of metal were restricted to local areas such as has 
been noted in boiler feed pumps. While the hydrogen evolution 
appears to indicate a greater activity in the high-temperature end 
of the feedwater system, there is no evidence to indicate that 
localized attack occurs. It is, however, doubtful that loss of 
metal from erosion, such as may occur in feed pumps, is accom- 
panied by the evolution of hydrogen. 

The rate of loss of metal from the steam-side surface of the con- 
denser tubes, as indicated by the measurements of dissolved 
copper, is extremely low. The loss on the cooling-water side is 
probably much greater, and also localized attack is known to 
occur. Failure of condenser tubes is more likely to occur as a 
result of attack on the.outside, that is, the cooling-water side of 
the condenser. 

One disquieting thing about the dissolution of iron and copper 
in the feedwater system is that the mechanism of the corrosion is 
not well understood, nor have preventative conditions been well 
established. It is generally agreed that dissolved ammonia is 
the principal factor in the corrosion of copper, and methods for 
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the removal of this substance have been proposed. It is indi- 
cated that the dissolution of iron can be reduced by the control of 
pH. However, the permissible range of pH in the feedwater is 
limited by boiler-water conditions particularly when the rate of 
boiler-water blowdown is low. 

The principal concern over the presence of iron and copper 
compounds in the boiler feedwater is caused by the propensity of 
these substances to form adherent sludges on the boiler surfaces. 
The iron is transformed probably completely to magnetic oxide 
and the coppér is in large part at least reduced to the metallic 
state. 

Slime deposits of sludge are found on all internal surfaces of the 
boiler and are often heavier on the unheated areas than on active 
steam-generating surfaces. It is indicated that this deposit is 
laid down mechanically, that is, there is no general chemical 
attack under sludge deposits. Small pits of pinpoint dimensions 
have been noted but are believed to be only incidental and not 
generally related to the deposits. While the sludge-collecting 
pots at the waterwall headers and a special sludge blowdown in 
the drum permit the removal during operation of accumulated 
sludge, they have not completely eliminated the hazard. The 
chief danger of the sludge deposit lies in its insulating effect on 
active steaming surfaces where it may build up to a thickness 
that results in overheating of the tube metal. 

Basically the sludge problem in boilers results from the intro- 
duction into the boiler with the feedwater of solids or salts that 
form solids, at a higher rate than the rate of removal. In- 
evitably this must lead to trouble. 

There are two obvious lines of attack on this problem: (a) to 
prevent or minimize the production of the metallic ions which are 
the principal components of the sludge in the feedwater system, 
and (b) to provide for a better continuous removal of sludge 
with the blowdown from the boiler. 

The chances of complete solution of the problem by either or 
both of these efforts are not particularly promising and it is 
probable that a periodic cleaning of boilers will be necessary. 


APPARATUS AND MprHops 


The hydrogen analyzer and recorder used in the investigation 
was a commercially available instrument utilizing the difference 
in thermal conductivity of gases. The analyzer consists of a 
Wheatstone bridge, two legs of which are formed by identical 
platinum-wire spirals. These spirals are electrically heated, a 
constant potential being applied. One of these spirals is sur- 
rounded by saturated air and the other by air that has bubbled 
through the sample which flows to the analyzer at a measured 
rate. Hydrogen of the sample is present in the latter air in pro- 
portion to its concentration in the sample. Because of the 
higher thermal conductivity of the air containing hydrogen, 
the temperature of the second spiral and hence its electrical re- 
sistance is reduced and the bridge is thrown out of balance. The 
balance is then restored automatically by a potentiometer which 
records the off-balance as hydrogen. At the usual low concen- 
trations of hydrogen in feedwater the unit is parts per billion. 

The principle of the dissolved-oxygen recorder is similar to that 
of the hydrogen recorder. Pure hydrogen which is generated 
electrolytically surrounds the reference spiral and hydrogen 
which scrubs the sample and has the equilibrium content of 
oxygen surrounds the analyzer spiral. 

These instruments are extremely sensitive. Two parts of 
hydrogen in 10 billion parts of sample will give a scale deflection. 
It is necessary to check the zero of these instruments daily and it 
is desirable also to make frequent checks-of the scale. This is 
done by introducing hydrogen to the sample at a measured rate. 
The hydrogen is made electrolytically and thé rate of introduc- 
tion of hydrogen is measured by current used. 
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While the meters are simple in principle, considerable attend- 
ance is required in order to assure their continuous accuracy. 

The steam-sample evaporator is shown in Fig. 5. It consists 
essentially of a 5-liter flask having a tubulature extending down- 
ward with the open end in the evaporating dish in which the 
sample is being evaporated. The end of this tube is ground to a 
standard taper to which a platinum thimble is fitted. This 
thimble is weighed with the dish. As the water level in the dish 
recedes, the open end of the tube is uncovered allowing air to 
enter the flask and more water to flow into the dish. In starting 
the evaporator, the stopper is inserted at the end of the delivery 
tube and the measured sample, 3 to 4 liters, is poured in at the top 
opening. The cap with the manometer is then replaced and suc- 
tion is applied to obtain an indication of about 1 in. on the 
manometer, and the stopcocks A and B are closed. The 
weighed dish is then placed in position on the heater assembly 
which is held on a ring stand below and to one side of the evapora- 
tor bell. The stopper is then removed and the heater and dish 
assembly quickly placed in the operating position. To do this 
without spilling the sample requires practice, and it is recom- 
mended that the operation be rehearsed with the flask empty 
until the necessary skill is acquired. The stopcock B is open 
during the evaporation. 

The sample is evaporated without boiling, most of the heat be- 
ing applied over the surface of the liquid. When the sample 
container is empty, the mercury switch closes and actuates a relay 
which shuts off the current to the heaters and closes the valve 
through which the air is admitted. There is enough residual heat, 
in the heater and bell to complete the evaporation. At the end of 
the evaporation the ‘flask is rinsed with a jet of distilled water 
and the washings added to the dish and evaporated. The rate 
of evaporation is about 200 ml per hr. 
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The sample concentrator for the determination of iron is shown 
in Fig. 6. It consists merely of a 1-liter Erlenmeyer flask covered 
with a vented hood through which filtered air is blown. A 500- 
ml sample is evaporated to dryness without boiling in about 4 hr. 
The residue is then taken up in 1 ml of concentrated acid and 
diluted to 50 ml for analysis. 

Most of the analyses were made by a colorimetric method 
using thiocyanate. Measurement of color was by means of a 
photoelectric colorimeter. A second method using ortho- 
phenanthrolene was tried and although it proved more sensitive, 
it also required concentration of the sample and the simpler 
thiocyanate method was preferred. 
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Extreme care is necessary to prevent contamination of the 
samples. It was found that if a sample was stored even for a 
day an appreciable amount of iron was lost because of the plating- 
out effect on the walls of the flask. To reduce the error due to the 
plating-out tendency, a small measured amount of acid and an 
organic reducing agent were placed in the flask in which the 
sample was collected, and the storage time was reduced to a 
minimum. Any iron present in reagents was corrected by 
means of blank samples. 

Samples for copper determinations were prepared in the same 
apparatus used in the iron analysis. A colorimetric method us- 
ing sodium diethy]-dithio carbamate in alkaline solution was 
used. This method was generally very satisfactory. In a very 
few instances an interfering turbidity resulted and it was 
necessary to extract the color with an organic solvent. 

The bead-column and the ion-exchange-column arrangements 
are shown in Fig. 7. The columns were set up at the point of 
sampling. ‘The sample flow was arranged so that a constant, 
head was provided and also so that all connections were under 
pressure and no air would be drawn into the columns. The rate 
of sample flow was 1 liter per hr, and the effluent was collected in 
calibrated bottles so that the total flow could be measured. 

At the end of a sampling period the assembly was taken to the 
laboratory where the extracts were removed by acid treatment 
and the columns prepared for another run. A 10 per cent 
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hydrochloric acid, 300 ml in amount, was used in regeneration of 
the ion exchange column, followed by a 300-ml water wash. 
Distilled water that had previously been passed through the bed 
was used for the wash water. 

The 600-ml recovery sample was reduced to 500 ml for con- 
venience and analyses were made on aliquot portions. Colori- 
metric methods previously described were used for the iron and 
copper determinations. 


Discussion 


R. C. Corry.’ The excellent experimental data presented by 
the authors serve, among other things, to place one important 
phase of corrosion in high-temperature steam cycles on a factual 
basis, and those concerned with iron-oxide sludges now have 
available something more substantial than opinion or, as is fre- 
quently the case, “. . . . ill-begotten equations supported by bad 
data,” asitis stated by Lewis and Randall. The experimental 
work conducted.by the authors to establish the source of iron 
oxide in boilers and the probable mechanism of its formation, 
by means of hydrogen and dissolved-iron surveys of the steam 


4 Research and Development Department, Combustion Engineer- 
ing Company, Inc., New York, N. Y. 

3 “Thermodynamics,” by G. N. Lewis and M. Randall, McGraw- 
Hill Book Company, Inc., New York, N. Y., 1923. 


‘being due to corrosion within the boiler. 
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and water cycles, is unique to the extent that no published data 
from similar work are to be found elsewhere. In some respects, 
which will be mentioned later, their results confirm certain con- 
clusions of laboratory and theoretical studies of the fundamental 
reactions between iron and pure water. To this end there is 
support of the contention that there are yet many more questions 
than there are answers to the problem of corrosion by pure water 
at elevated temperatures. 

It is a curious fact that although one may find in corrosion 
literature data on the rate of corrosion of iron and steel in contact 
with almost every conceivable inorganic or organic material, 
under widely different conditions of independent variables, there 
are no published data on the rate of corrosion of iron and steel 
in pure water. A possible reason for this may lie in the fact 
that in pure water the rate of corrosion is insignificant compared 
to that in acids, bases, and certain salt solutions. It is obvious, 
however, from the results of the present ‘paper and the current 
problem of feed-pump corrosion which appears to be related in 
some way to pure condensate, that there is a definite need for 
an investigation of the rate of corrosion of iron and steel in pure 
water up to around 600 F, and under various conditions of flow 
and pH. 

Evaporated feedwater make-up and highly efficient steam- 
washing and deaerating equipment result in feedwater of extreme 
purity, and as so clearly expressed recently,® ‘It dissolves to some 
extent anything that it comes in contact with on its way from the 
condenser to the boiler. This dissolving action starts in the last 
stages of the turbine where the first, condensation occurs.” It 
may be asked what is meant by “pure” water. Qualitatively 
it may be defined as water which contains no dissolved gases and 
which produces no residue on evaporation. A quantitative defi- 
nition for pure steam condensate might be based upon its electri- 
cal conductivity when there are no ions present other than hy- 
drogen and hydroxyl ions resulting from the ionization of the 
water. 

On the other hand, it is possible that the conductivity of pure 
water may not change after contact with an iron vessel, due to the 
formation of Fe.03 or FeQOH which are insoluble. Insucha case 
the buffer index might be a useful criterion for purity, this being 
defined as the differential ratio dB/d(pH), in which d(pH) is the 
increment of pH when an increment of base dB, in terms of gram 
equivalents of hydroxy] ion, isadded. An increment of hydrogen 
ion would be equivalent to —dB. Thus pure condensate would 
have a buffer index of 0.1429, and if iron oxide were added this 
value would increase due to the fact that the oxide would react 
with added hydrogen ion. 

The authors have shown clearly that in the subject plant most 
of the hydrogen and dissolved iron result from corrosion of ex- 
ternal piping and heat-exchange equipment, a very small amount 
They postulate that 
the ferrous hydroxide formed in the primary corrosion reaction 
decomposes to Fe;O, and more hydrogen. There is experimental 
and theoretical work to support this. Schikorr? found that when 
iron turnings were placed in contact with pure water, pressures 
of 18 atm and higher of hydrogen developed, and Fe;O, was 
formed. In later experiments he demonstrated that ferrous 
hydroxide spontancously decomposed to hydrogen and Fe;O, 
at a rate inversely proportional to the pH.® Investigation of the 


6 Properties of Pure Boiler Feedwater,” Combustion, Feb., 1945, 


p. 45. Jats 
7“On the System Iron-Water,” by G. Schikorr, Zeit. fiir Elektro- 
chemie, vol. 35, 1929, p. 62. ‘ ; pep 
8 “Ferrous Hydroxide and a Ferromagnetic Ferric Hydroxide, by 
G. Schikorr, Zeit. fur Anorganische wnd allgemeine Chemie, vol. 212, 


1933, p. 33. 
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reactions at room temperature between iron and pure water® 
demonstrated that Fe;O,, hydrogen, and about 0.2 ppm of dis- 
solved ferrous iron were the final products, and the pH rose to 
8.3. The dissolved iron was considered to be an intermediate 
stage in a chain of reactions, 


Fe — Fet+ — Fe(OH). — Fe;0, 


No attempt was made, however, to correlate the dissolved-iron 
concentration and pH because of (a) lack of information on the 
state of the dissolved iron, that is, whether it was colloidal or 
poorly ionized; (b) disagreement in the literature as to the solu- 
bility and the solubility product of Fe(OH)2; and (c) inability to 
determine which of the foregoing reactions controlled the rate 
to the right. Thermodynamic calculations have shown! that 
iron reacts with oxygen-free water to form Fe;O, more readily 
than Fe(OH).2, although it is conceded possible that the latter 
may be an intermediate phase. Thus it is a necessary conclu- 
sion that Fe(OH): will decompose to Fe;O, and hydrogen. 

All of these facts find confirmation in the results obtained by the 
authors if it is kept in mind that it is very unlikely that equili- 
brium between iron and condensate ever is attained in the short 
time of contact between the hot well and the boiler. Thus the 
relative amounts of Fet*+, Fe(OH)2, Fe;O.4, and H, may be ex- 
pected to vary one from equilibrium values. 

One question concerning these investigations with iron and 
pure water is whether the iron determinations represent only dis- 
solved iron or varying mixtures of dissolved iron and an extremely 
finely divided form of magnetite. 

In one of the afore-mentioned investigations,® there were indi- 
cations that despite careful filtering a small amount of iron oxide, 
possibly of colloidal dimensions, occasionally contaminated the 
samples, This is merely a question of academic interest, related 
to the fundamental corrosion reaction, and therefore does not 
affect the results and conclusions of the authors. ' 

It may be asked, why, if the rate of corrosion of iron and steel 
by pure water at elevated temperatures is insignificant when 
uniformly distributed throughout the system, it receives the 
attention it does in the present paper. The authors have very 
clearly resolved the problem in two parts: (1) There was the 
question whether the iron oxide originated in the boiler as the re- 
sult of attack of steaming surfaces; and (2) the possibility that 
excessive deposits of iron oxide on steaming surfaces would lead 
to overheating due to a decrease in the over-all coefficient of heat 
transfer. In so far as the subject plant was concerned, it was 
demonstrated that the greater part of the iron oxide was carried 
into the boiler from external sources. This confirms the con- 
sensus of a number of operators. Regarding the ultimate effect 
of deposits of iron oxide on steaming surfaces, there is, in addi- 
tion to the insulating effect, the possibility that boiler-water salts 


may concentrate in and beneath the oxide, and if sufficient free. 


caustic is present localized, rapid attack may occur. 

Another factor that may be considered is the possibility that 
metallic copper, invariably associated with iron oxide in boilers, 
deposited on a baked-on sludge of iron oxide may set up an 
electrolytic cell, the tube metal being anodic, the copper cathodic, 
and the iron oxide between, serving as a porous matrix for salt- 
saturated liquid. This, of course, is hypothetical and until data 


® “The pH, Dissolved Iron Concentration and Solid Product Re- 
sulting From the Reaction Between Iron and Pure Water at Room 
Temperature,” by R..C. Corey and T. J. Finnegan, Proceedings of 
the A.S.T.M., vol. 39, 1939, pp. 1142-1260. 

10 “Thermodynamic Considerations in the Corrosion of Metals,” 
by J. C. Warner, Trans. Electro Chemical Society, vol. 83, 1943, pp. 
319-333. 

11 “Co-Ordination of Water Conditioning With Operating Prob- 
lems,” by R. E. Hall and C. E. Kauman, Power Plant Engineering, 
vol. 45, September, 1941, pp. 61-64, and October, 1941, pp. 59-61. 
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are available on the emf between copper (or copper oxide) and 
iron, and on time-potential curves, which indicate whether anodic 
or cathodic polarization is controlling the rate of corrosion, this 
theory offers possibilities. 

Thus as suggested by the authors, iron-oxide deposits in high- 
pressure boilers cannot be ignored, and if it has been established 
that excessive quantities of iron oxide are being carried into a 
boiler from outside sources, then steps should be taken to mini- 
mize corrosion in external equipment even though the rate is not 
sufficient to cause significant attack in such equipment itself. 
Theoretically attack can be minimized either by raising the pH 
of the feedwater or by applying a protective coating to the ferrous 
materials with which the feedwater comes in contact. Assuming, 
however, that there were no practical difficulties to the first of 
these steps, the fact remains that we do not know the optimum 
pH at which the feedwater should be maintained to minimize 
corrosion under operating conditions, because no investigation has 
been made of the rate of corrosion of steel under these conditions 
at various values of pH. 

The data on hydrogen and iron throughout the system are ex- 
tremely interesting. Regarding the increase in hydrogen across 
the economizer, not shown in Fig. 4 of the paper, it would be of 
interest to know what values were obtained at the economizer 
outlet and also the iron determinations, if available. If the iron 
and hydrogen did not increase together then it might be inferred 
that the increase in the hydrogen was the result of decomposition 
of ferrous hydroxide rather than corrosion in the economizer. 

If the authors have made any conductivity determinations at 
the various sampling points, they would be a valuable supplement 
to the other data and may help to explain some questions of 
fundamental importance. 

It was noted that the concentration of hydrogen in the steam 
did not vary with the load. This confirms experiments conducted 
by the American Gas & Electric Service Company at Logan, 
where the concentration was found to be constant at about 3 ppb 
between a steam output of 400,000 and 850,000 Ib per hr.!2 The 
average concentration at Montaup was 3.3 ppb. 

Regarding the results for dissolved iron, it is interesting to note 
that the iron in the steam was approximately the same as found 
in the hot well. It would be of interest if the authors described 
the method they adopted for determining the iron, that is, 
whether it was a modified thiocyanate, epihontouani melts or 
similar scheme. 

At the present time little can be said about the manner of 
formation of metallic copper in the boiler or its effect with regard 
to corrosion. It has been stated!’ that the corrosion of copper or 
copper alloys by ammonia is negligible in the absence of oxygen. 
Relatively, this may be so but it appears that in oxygen-free 
condensate sufficient solubility, in the presence of less than 0.1 
ppm NHs, occurs to produce large amounts of copper in boilers. 
Dissolved carbon dioxide, either as free CO2 or bicarbonate ion, 
also is a factor in the corrosion of copper. 

The corrosion detector, installed in one branch of the boiler 
feed line leading to the economizer, offers excellent possibilities 
for determining, under actual operating conditions, the rate of 
corrosion of low-carbon steel. It is suggested, however, that it 
is not advisable to re-use the specimen for a subsequent test, more 
acceptable results being obtainable if new specimens are used for 
each test. Also, if possible, it would be desirable to install an 
identical specimen in a location where the température and pH of 
the liquid are the same but of different velocity. 


12 Publication No. H-11, Edison Electric Institute, 1940. 

13 “The Reaction of Copper and Oxygen-Saturated Ammonium 
Hydroxide,” by R. W. Lane and H. J. McDonald, Journal of Cor- 
rosion, Aug., 1945, pp. 1-8. 


BISSELL, CROSS, WHITE—STUDIES OF FEEDWATER-STEAM SYSTEM, SOMERSET STATION 


The experiments with bead columns to study the effective- 
ness of various materials in removing small amounts of solids 
from water are of considerable interest, particularly with re- 
gard to the comparative efficiency of the glass and the synthetic 
resin. 

The authors suggest that silica is not involved in the action 
between the glass beads and iron-bearing water. The writer sub- 
mits that in experiments with pure water and iron in pyrex 
vessels there seemed definitely to be reaction of dissolved iron 
with the glass. The pH of the water rose to 9.0-9.5 and a flaky 
anisotropic material formed which microchemical tests showed 
to contain iron and silicon; possibly being a hydrated iron sili- 
cate. ; 

In conclusion, it is believed that-this investigation has em- 
phasized the need for more fundamental work on the reactions of 
iron with pure water. A program for such an investigation might 
be as follows: 


1 Determination of the rate of corrosion of iron and steel in 
water as a function of pH, velocity, and temperature, up to 600 F. 
2 Study of the time-potential curves for iron under the same 
conditions as item 1. 
3 Preparation of pure ferrous hydroxide and determination of 
the following: 
(a) Its solubility and pH in pure water. 
(b) Rate of decomposition to Fe;O, and, Hz as a function 
of temperature and pH. 


The results of such an investigation should, among other things, 
determine the minimum pH of feedwater required to effect maxi- 


-mum protection of steel surfaces, at various temperatures related + 


to operation. 


E. R. Muertzr.“ Of interest primarily to chemists rather 
than engineers is the reference given in the subject paper to the 
use of an ion-exchange material as a tool in the analysis of feed- 
water or steam samples. The application discussed is a clear-cut 
example of the manner in which the analytical grade Amberlite 
resins can be used as analytical tools. The investigators are 
taking advantage of the unique properties of these resinous ex- 
changers, in this case, the cation exchanger, one such property 
being the complete adsorption of heavy metal ions such as iron, 
copper, etc. 

Iteias been stated in the paper that dilute hydrochloric acid 


was first employed with incomplete recovery of the full metal - 


content from the exchanger. Although the concentration was 
not indicated in the paper, this was pointed out to be 5 per cent. 
By the use of 10 per cent acid, the higher concentration referred 
to in the paper, better results were obtained. Itis suggested that 
in both cases more complete recovery of the metal ions from the 
exchanger could have been accomplished by the recycling of a 
relatively small but adequate portion of either concentration of 
acid. This technique would have the added advantage of keeping 
the eluting solution at the smallest possible volume, thereby re- 
ducing the time required later for evaporation. 

Since the resinous exchanger is entirely organic in composition, 
it is suggested that the analytical technique might be improved 
upon by wet-ashing the entire sample of exchanger upon which 
the metal ions have been adsorbed. This would eliminate the 
elution step altogether, thereby insuring the analyst against an 
error in the results brought about by incomplete elution of the 
metalions. 

In general, the particular problem represents an unusual ap- 
plication of the properties of ion-exchange resins. ‘ 


14The Resinous Products & Chemical Company, Philadelphia, 
Pa. 
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W. F. Ryan.!® A becoming but regrettable modesty has re- 
strained the authors of this paper from acclaiming the outstanding 
achievement of their part of the investigations at Montaup. 
The statement “recording hydrogen meters were set up” is a 
masterpiece of condensation. The ‘‘setting up” of these meters 
required many weeks of painstaking engineering, involving a 
degree of scientific knowledge, technical skill, patience and deter- 
mination more readily associated with the instrumentation of 
the atomic-bomb project than of a steam boiler. Perhaps Mr. 
White can be persuaded at a later date to publish in detail this 
story of measuring hydrogen in fractions of a part per billion 
under the pressure and temperature conditions prevailing in this 
station, and securing accurate and continuous records, in spite 
of the difficulty in maintaining reasonable equilibrium between 
the fluids being analyzed and the metals which contained them. 

The hydrogen-meter installation .was expensive not only in 
money but in engineering manpower, and there were many dis- 
couraging periods during which the patience of operators and 
contractor’s representatives was sorely tried, and many of us 
would cheerfully have thrown the project overboard. Fortu- 
nately, however, the work was carried to successful completion, 
and the importance of the results well repaid the time and effort 
expended. 

The boiler, presumably in common with all boilers working 
at elevated temperatures, is subject to continuous, but infini- 
tesimal, widely distributed, and therefore substantially harm- 
less, oxidation. It may also be subject, at irregular and unpre- 
dictable intervals, to intensified localized oxidation. When the 
meter shows a sudden or abnormal evolution of hydrogen in 
the boiler it is a clear indication that such oxidation is taking place; 
the meter is raising a danger signal as significant as low water 
in a gage glass and calls for equally prompt and vigorous action. 

We are feeding all of the high-pressure boilers in the country 
with water contaminated by oxides. The deleterious effects 
may not be serious in some instances but it is not of record that 
it ever did a boiler any good. We are now groping in the dark to 
combat, in the boiler, a contaminant which should never have 
been allowed to enter it, and there have been widespread diffi- 
culties with boiler feed pumps and high-pressure heaters that 
are all a part of the general problem. Mastery of the hydrogen- 
meter technique offers an opportunity at least to locate the source 
or sources of the trouble. It is hoped that some utility or combi- 
nation of utilities may sense the importance of this possibility and 
undertake to measure hydrogen evolution throughout a high- 
temperature cycle from the superheater outlet to the condenser 
and back again through the feed heaters, feed pumps, econo- 
mizer, boiler, and superheater. When this work is undertaken, 
the project will be greatly facilitated by the solution at Montaup 
of the many and difficult technical problems involved. 


T. J. Fuvnecan.’6 The record of hydrogen throughout the 
cycle given in this paper by Bissell, Cross, and White adds con- 
firmation to the opinion held by many persons that much of the 
loose black-oxide sludge in the boiler is of external origin. They: 
do not accept the theory voiced by some extremists that none of 
the black oxide is formed in the boiler, except perhaps where 
overheating occurs. They support their opinion by the implied 
acceptance of the two equations which would explain the forma- 
tion of hydrogen by decomposition of Fe(OH): rather than by 
direct attack of the metal. In other words, they admit the pos- 


sibility that the fundamental corrosion reaction 


16 Assistant Engineering Manager, Stone & Webster Engineering 
Corporation, Boston, Mass. Fellow A.S.M.E. 

18 Chemical Engineer, Buffalo, Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E. 
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3Ke + 40:0 = Fe;O, + 4H2 


might occur in two steps, the velocity of which is strongly in- 
fluenced by temperature. 

While it is almost certain that the fundamental reaction is a 
chain one, it has yet to be established that the separate steps of 
the chain can occur at a delayed rate. For example, it is easily 
shown that when iron is placed in oxygen-free water at room 
temperature the products are loose Fe;O,and hydrogen. Whether 
or not a large amount of Fe(OH): may be mixed with the Fe;O, 
and have potentiality for decomposing at higher temperatures is 
an interesting question. 

Theoretical speculations of this sort as well as those referring to 
the reaction of copper given in the comment on the limitations of 
the’ hydrogen recorder in the paper by Bissell and Powell!7 make 
one admire the attempts which are made to give a rational ex- 
planation to the observed phenomenon, but they also emphasize 
the need for more fundamental work on the pure chemistry of the 
water-metal systems. We are continually being confronted 
with the results of chemical reactions, the nature of which we do 
not understand because they have not been thoroughly studied, 
especially over extended ranges of temperature. 

An investigation made some years ago showed that the prod- 
ucts of the reaction of iron with oxygen-free water at room tem- 
perature are hydrogen and Fe;O0,.% The oxide did not form a 
protective coating but settled as a loose powder on the bottom 
of the reaction vessel. This investigation was made in a power- 
company laboratory which was not equipped for carrying out the 
obvious extension of the work, and it would be interesting if some 
research organization would repeat the experiments and continue 
them into higher-temperature regions, with particular attention 
to the matter of protective coatings, the existence of Fe(OH)., 
and to any factors which tend to limit the reaction. 


AuTHORS’ CLOSURE 


The authors. appreciate Mr. Corey’s very carefully prepared dis- 
cussion. His observations on the possible reactions that may 
take place in the feedwater system emphasize the need for further 
work on that subject. While no quantitative data were obtained, 
there is evidence that iron in the feedwater at the Somerset 
Station occurs both in colloidal and dissolved states. The iron 
is reported as total iron as the samples were evaporated to dryness 
and the residues were taken up with acid. In some samples where 
the iron content was high enough to be determined without con- 
centration of the sample, lower values for iron were obtained on 
the sample before evaporation than on an evaporated sample. 
When the sample was acidified and heated increasing values for 
iron were obtained with increasing time of digestion. 


17 “Hxperience With Instruments and Control Equipment for 2000- 
Psi Boiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell and E. B. Powell, published on pages 453-466 of this 
issue of the Transactions. 

18 “nH, Dissolved Iron Concentration and Solid Product Resulting 
From Reaction Between Iron and Pure Water at Room Tempera- 
ture,’ by R. C. Corey and T. J. Finnegan, Proceedings of the 

“A.S.T.M., vol. 39, 1939, p. 1242. 
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There is also evidence that much of the iron is in the ferrous 
state. For example, in bead column tests a heavier deposit 
is obtained when the sample is aerated. The deposit is also of a 
deeper red color. 

Mr. Corey suggests that there may have been a reaction be- 
tween the glass of the beads and the iron in the water. Our con- 
clusion that the silica was only incidental was based on the fact 
that the same type of deposit occurred in rubber-tube connections 
and also in the copper tubes of the cooling coils. This, of course, 
does not preclude the possibility that an iron-silica reaction does 
take place—the source of the silica being other than the glass. 

While the hydrogen content of the steam is reasonably constant 
in the record shown in Fig. 2, the variation in rating is not large. 
There is, however, a definite trend of increase in hydrogen con- 
centration with decrease in load. This may be noted in the hy- 
drogen curves of Fig. 4 and also in Fig. 3. The change in the 
hydrogen values is not large and is sometimes masked by other 
unexplained variations. 

As reported in the paper the corrosion indicator was removed 
for weighing at the end of one year and was at once restored to 
service in the pipe line. A duplicate corrosion indicator of carbon 
steel was machined, however, and was installed in October, 1945, 
in place of the original one, just as Mr. Corey has proposed. 

His suggestion is that an additional corrosion indicator be in- 
stalled where it would be exposed to identical conditions except 
for velocity would’ yield informative data. Because of daily and 
seasonal variations in boiler load, however, the present indicator 
is exposed to appreciable changes in velocity, and under existing 
conditions it appears impracticable to select a second location 
where the feedwater velocity would remain in approximately 
constant ratio to that at the existing corrosion indicator. 

The valuable suggestions of Mr. Mueller are appreciated. The 
advantages of the ion exchange method of sample concentration 
are many and the results so far are encouraging. The alternate 
method of evaporation is laborious and time-consuming and it 
requires a very careful technique for its successful application. __ 

The authors are gratified by Mr. Ryan’s very kind discussion 
and appreciate his comments on the broader significance of the 
investigation. 

The authors must agree with Mr. Finnegan that in what little 
experimental work has been done on the reactions of water 
and iron, there is little or no evidence of ferrous hydroxide in the 
corrosion products. The experiments, however, have bees con- 
ducted under conditions such that chemical equilibrium was es- 
tablished. It is doubtful that such equilibrium could be attained 
in the feedwater system at the Somerset Station. 

Recent analyses of bead-column deposits indicate that 50 to 
70 per cent of the iron is in the ferrous state. The work is being 
continued and the feedwater system will be explored for the 
ferrous ferric ratio. There is no question but that the final 
product is Fe;O,. Under nonequilibrium conditions the ratio of 
ferrous to ferric iron should depend upon the relative re- 
action rates of the formation and decomposition of ferrous 
hydroxide. 


Water Conditioning for the 2000-Psi 
Boiler at the Somerset Station of 
Montaup Electric Company 


By W. W. CERNA! anv R. K. SCOTT! 


Considerable interest has been aroused in the chemical 
treatment used for the high-pressure boiler at the Somer- 
set Station of the Montaup Electric Company. The theo- 
retical aspects of the present treatment, which has been 
in use since January 1, 1944, are given in a paper by Hall.? 
Details of the results obtained with the different types of 
treatment used on this boiler have been given in a paper 
by Parks.’ It is largely the purpose of this paper to present 
the reasons for the various methods of chemical treatment 
which have been used, and for the changes made, which 
have resulted in stabilization of the boiler-water condi- 
tioning since January I, 1944. 


PreRIoD oF SopruMm TREATMENT 
HEN the high-pressure boiler of the Somerset Station 
first went into operation in the summer of 1942, a fairly 
standard treatment, using sodium chemicals, was used 
with the following control limits: 


Alkalinity as sodium hydroxide, NaOH, ppm............ 50-60 
Sodium phosphate, NasPQ.s, ppm.............-....+-:+- 50-70 
PROVAL SOLAS sp pIOM CIA comer cetera sik eis syjacthre csacitsicies «totes 1000 


Some months later it was also decided to feed and maintain a 
positive reserve of sodium sulphite in the boiler water. During 
the period this treatment was used several tube failures occurred, 
as discussed in a, previous paper of this series by Parks, Patterson, 
and Ryan.‘ Internal boiler conditions were also found unsatis- 
factory as described in the reference paper by Parks. Evidence 
of the “hide-out’’ of sodium sulphate and sodium phosphate was 
also found which indicated that some of the boiler water was being 
concentrated very much beyond the limits of the normal over-all 
boiler water. 

For example, using the published data of Schroeder, Berk, 
and Gabriel® for the solubility equilibria of sodium sulphate and 
sodium phosphate at boiler temperatures, a boiler water at 595 F, 


1 Hall Laboratories, Inc., Pittsburgh, Pa. 

2**4 New Approach to the Problem of Conditioning Water for 
Steam Generation,” by R. E. Hall, Trans. A.S.M.E., vol. 66, 1944, 
pp. 457-488. 

3 “Experience With Sodium and Potassium Chemicals for Boiler- 
Water Conditioning at Montaup Electric,’ by G. U. Parks, Trans. 
A.S.M.E., vol. 67, 1945, pp. 335-338. 

4 “Operating History and Performance of 2000-Psi Forced-Circula- 
tion Boiler at Somerset Station of Montaup Electric Company,’ by 
G. U. Parks, W. S. Patterson, and W. F. Ryan, published on pp. 
411-427 of this issue of the Transactions. 

5 “Solubility Equilibria of Sodium Sulphate at Temperatures From 
150-350°C. III Effect of Sodium Hydroxide and Sodium Phos- 
phate,”’ by W. C. Schroeder, A. A. Berk, and Alton Gabriel, Journal 
of the American Chemical Society, vol. 59, 1937, pp. 1783-1790. 

Contributed by the Power, Industrial Instruments and Regulators 
Divisions, and the Joint Research Committee on Boiler Feedwater 
Studies and presented at the Annual Meeting, New York, N. Y., Nov. 
26-29, 1945, of Tom Amprican Socinty or MEecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


containing 350 ppm of sodium sulphate (Na:SO,) and 70 ppm of 
trisodium phosphate (Na;PO,) representative of that in the Mon- 
taup boiler at the time, would have to concentrate about 185 
times before the first deposition of these substances would com- 
mence. Neglecting the effect of the sodium hydroxide on the 
solubility equilibria, which would actually be in the direction of 
increasing the number of concentrations, no deposition of sodium 
sulphate or sodium phosphate from the boiler water would be 
possible until the concentration of sodium hydroxide had likewise 
increased 185 times. If the initial concentration were 60 ppm of 
sodium hydroxide, the water just about to lay down solid sodium 
sulphate and sodium phosphate at the evaporative surface would 
necessarily contain 11,000 ppm of sodium hydroxide or a 1.1 
per cent solution of NaOH. Thus it is apparent that in estab- 
lishing the water conditioning for such high-pressure boilers, it is 
necessary to think in terms of the concentrated films, and 
not merely of the over-all boiler-water analysis, such as 
represented by the analysis of a representative sample taken from 
the boiler. 

In so far as the over-all boiler water was concerned we had 
protective conditions. But the change which could occur on 
concentrating the boiler water from 60 ppm NaOH to 11,000 ppm 
NaOH is well illustrated by the curve in Fig. 1, originally de- 
veloped by Partridge and Hall’ from the experimental data of 
Berl and van Taack.7 With 60 ppm caustic soda, the concen- 
tration is in the region of the most protective-to-iron zone. At 
11,000 ppm NaOH (275 epm), the rate of attack found by Berl 
and van Taack on steel powder at 590 F was as great as in an 
acid solution containing about 25 ppm, HCl (0.7 epm). 

The 11,000-ppm caustic-soda solution may seem fancifully 
high and difficult to attain. Actually, this is not the case. Dis- 
solved substances lower the vapor pressure of a solution at any 
definite temperature. Correspondingly, under an externally 
applied temperature increase, the concentration of dissolved 
solids in a film of boiler water must necessarily increase to main- 
tain constant pressure. As the terms Aé and Ats will be used 
frequently in this paper, a graphic representation of the meaning 
of the terms is given in Fig. 2 which consists simply of the vapor 
pressure-temperature curves of water and a saturated solution of 
potassium chloride. The At is the difference between the tem- 
perature of the concentrating film at the heat-transfer surface and 
the boiling temperature of pure water at the same pressure. 
The Ats is the At which corresponds to the existence of a satu- 
rated solution. If At is increased beyond this point, a solo solu- 
tion will evaporate to dryness. Thus from Fig. 2, the film 
temperature can exceed the over-all boiler-water temperature at 
1950 psia by about 140 deg F before potassium chloride will go 
to dryness in solo solution. At lower film temperature or At 


6 “Attack on Steel in High-Capacity Boilers as a Result of Over- 
Heating Due to Steam Blanketing,” by E. P. Partridge and R. E. 
Hall, Trans. A.S.M.E., vol. 61, 1939, pp. 597-622. 

7 “The Action of Caustic and Salts on Steel at High Pressures,” by 
E. Berl and F. van Taack, Forschungsarbeiten auf dem Gebiete des 
Ingenieurwesens, V.D.I. Verlag, Berlin, Germany, No. 330, 1930. 
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Fia. 2 PREsSURE-TEMPERATURE RELATIONSHIPS 


differential, the film boiler water will simply concentrate to keep 
its vapor pressure the same as that of the over-all boiler water. 


If the film temperature or At exceeds 140 F the water will evapo- 


rate from the solution leaving a dry residue of potassium chloride. 
Fig. 3 shows the caustic-soda concentrations produced in solo 
solution by various Aé values. How much At would be required 
to produce the 11,000 ppm NaOH concentration? The answer 
is only a little more than 1 deg F. With a At of 5 deg F the film 
concentration would be about 45,000 ppm (1125 epm) NaOH, 
with corrosive action (from Fig. 1) at relatively the same rate as 
an acid solution of about 300 ppm (8 epm) HCl. 
That such small or even larger increases in film temperatures 
_can result in a high-pressure boiler is hardly to be denied. For- 
tunately, for the most part such concentrated films are not con- 


Fie. 3 Caustic-Sopa RELATION OF CONCENTRATION IN Soo Souu- 
TION TO At 


tinuous, but when they are, failure soon results. However, even 
with relatively good circulation such small increases in film tem- 
perature, or At, and concentrated solutions if soluble solids are 
present, can occur for at least short periods of time. Examples 
of such periods would be occasions when the slag falls off of a 
section of waterwall, exposing the tubes to higher tempera- 
ture than the surrounding area which is insulated by the slag 
covering, or in certain tube sections immediately following soot 
blowing. 

Obviously, in view of such factors, it becomes the duty of the 
water-conditioning engineer to think in terms not only of pro- 
tective conditions for the over-all normal concentration of boiler 
water, but also in terms of maintaining the concentrating film 
as protective as possible. 

Fortunately, by the time the need for improving boiler-water 
conditions at Montaup became apparent, considerable of the work 
developed in the paper by Hall? had already been made available. 
Therefore the boiler was cleaned of existing deposits by means of 
inhibited acid (Dowell) and a different treatment instituted. 


CERNA, SCOTT—WATER CONDITIONING FOR 2000-PSI BOILER AT SOMERSET STATION 


PRELIMINARY PorasstuM-TREATING PERIOD 


The studies developed by Hall? indicated that while sodium 
silicate would “‘hide-out” and be scale-forming, the same was not 
true for potassium silicate as long as the silica-to-alkali ratio, 
in equivalents, was maintained at 1.6 or less, so that the highly 
soluble potassium metasilicate or disilicate would exist, even 
though considerable concentration due to film-boiling might 
occur. This made the maintenance of some silica in the boiler 
water, if it could be kept in the soluble form, desirable as a means 
of decreasing the amount of sodium-hydroxide concentration 
which could develop in a concentrating film. Furthermore, 
considerable magnesium phosphate had been found in various 
boiler deposits during the period of sodium treatment, and the 
maintenance of some silica in the boiler water would be advan- 
tageous for precipitating the magnesium as magnesium silicate, 
which has been proved to be the most desirable form of mag- 
nesium sludge in boiler water, with minimum tendency for the 
formation of adherent doposiee To obtain the advantage of 
these developments the boiler-water-conditioning control, 
started after the acid cleaning in April, 1943, was established as 
follows: 


pal ivaluesey hes 2 aa aie ae eee Gare ae 10.2-10.7 
phosphate CROs), poms cy Aegis andere soap nore ots 30-50 
Sulphiter( SOs), mopman, seer ype ere ersten aoe 2-5 
Silicas(SiO>) DDIM eee ere ne eee 7-10 » 
K to Na ratio, equivalents (min)................... 231 

SiO: to alkalinity ratio, equivalents (max)........... 1.231 


Inasmuch as the plant uses tidewater for cooling purposes, so 
that even small amounts of condenser leakage introduced con- 
siderable sodium in the boiler water, it was necessary to feed 
potassium chloride, in addition to the potassium phosphate, sul- 
phite, and silicate, to maintain the desired potassium to sodium 
ratio. 

A number of tests which were conducted after the boiler was 
returned to service with the use of potassium chemicals showed 
quite promising results. One of the most interesting features 
was the virtual elimination of sulphate and phosphate hide- 
out. The results of typical hide-out tests during the periods 
of sodium and potassium treatment, respectively, are shown in 
Fig. 4. The upper curves show the chloride concentrations as 
the load on the boiler was decreased. The lack of hide-out 
with potassium-treated boiler water contrasts sharply with the 
large amount of hide-out. indicated by the sodium sulphate 
and sodium phosphate, obtained during the period of sodium 
treatment. 

Several boiler inspections after relatively short runs, following 
the use of potassium chemicals, also showed promising results in- 
asmuch as the boiler internals proved to be quite clean. Therefore 
the boiler was operated at full design pressure and the maximum 
load desired by the plant, generally between 550,000 and 600,000 
lb of steam per hour. 

A series of special tests were also made during this period which 
produced a number of interesting results. For example, it was 
found that in this boiler high-silica concentrations were unstable, 
and it was therefore inadvisable to try maintaining more ihe 
10 ppm of silica in solution in the boiler water. 

The work of Hitchens and Purssell® indicated that very little 
decomposition or auto-oxidation of sodium sulphite occurred up 
to a steam pressure of 1775 psi. However, in the Montaup 
boiler, considerable decomposition of sodium sulphite had been 
indicated whenever efforts were made to maintain more than a 
few ppm thereof in the boiler water. In this respect the potas- 


8’“The Behaviour of Sodium Sulphite in High-Pressure Steam 
Boilers,” by R. M. Hitchens and J. W. Purssell, Jr., Trans. A.S. M.E., 
vol. 60, 1938, pp. 469-473. 
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sium sulphite proved similar, and therefore the decision was made 
to maintain only a few ppm of sulphite in the boiler water, to 
serve primarily as an indicator of whether or not dissolved oxygen 
was entering the boiler with the feedwater. 

In December, 1948, No. 2 roof tube failed, apparently due to 
sludge Aaah one in the rear-wall header around the strainer 
supplying the orifice which fed this particular tube. A number 
of tube sections were cut out at this time and considerable iron- 
oxide formation was found on the tubes, particularly on the fire 
side. Pickling some of the tube sections also disclosed a thin 
yellow ribbon of acmite, sodium iron silicate scale, on the fire 
side of a number of the tubes. Details of this are given in the 
reference paper by Parks’ and need not be repeated here. It is 
perhaps noteworthy that during the period of potassium and 
silicate treatment the boiler had been operating at full design 
pressure and had generated considerably more steam with but 
one tube failure than it had during the period of sodium treat- 
ment during which three tube failures had occurred. 

The boiler was again acid-washed by Dowell, using inhibited 
hydrochloric acid with some bifluoride added in order to remove 
the silicate scale as well as the iron-oxide formation. In order 
to eliminate further sludge accumulations at the ends of the rear 
header, arrangements were also made to interconnect each end of 
the rear-wall header with the adjacent side-wall header. 


Porasstum TREATMENT IN Use Sincu January 1, 1944 


In putting the boiler back on the line, it was decided to dis- 
continue the feed of silica because of the slight but definite acmite 
formation which had been produced on the fire sides of a number 
of the tubes. It was also deemed advisable to continue with 
potassium boiler-water treatment because of the lack of hide- 
out when potassium chemicals were used in the boiler-water 
conditioning. Furthermore, a number of other plants which had 
substituted potassium chemicals in place of sodium chemicals for 
high-pressure-boiler water conditioning, had also found con- 
siderably less phosphate sludge in the boilers following this change 
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even though silica feed had not been used. This factor was also 
an influence in the decision to continue with potassium treatment. 

Our laboratory has been doing considerable work with various 
solo solutions and mixtures of various salts in high-temperature 
bombs to determine the vapor pressures of the solutions at 
various temperatures and pressures. The results of a series of 
such tests are plotted in Fig. 5, from the data of Kaufman, 
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Marcy, and Trautman.® These curves show why hide-out is 
readily obtained with sodium phosphate and not with potas- 
sium phosphate. For example, the Aé for sodium phosphate is 
only approximately 5 to 9 deg F for the entire temperature range 
from 400 to 3200 psia. Thus a film temperature of only 5 to 9 
deg F above that of the main body of boiler water would be neces- 
sary to produce Ats, or a saturated solution. If the film tempera- 
ture exceeds this, the solution will go to dryness, or, in this case, 
result in hide-out of sodium phosphate. With solo solutions of 
potassium phosphate, a At of several hundred degrees would 
be required before saturation and hide-out could occur. Mix- 
tures of sodium and potassium phosphates show intermediate 
behavior, with an increasing Ats as the ratio of potassium to 
sodium is increased. 

Fig. 6 shows the vapor pressures for a number of solo solutions 
compared to those of water at various temperatures. It will be 
noted from Fig. 6 that many of the sodium salts such as sodium 
phosphate, sodium sulphate, and sodium silicate have very low 
Ats values, or would go to dryness at a film boiler temperature of 
10 deg or less in excess of the temperature of the saturated steam. 
A considerably larger Ats value is indicated for sodium chloride 
and even greater values are obtained for potassium chloride. As 
mentioned in connection with Fig. 5, the Ats of potassium phos- 
phate is so large that it would seem almost impossible to obtain a 


9 “'The Behaviour of Highly Concentrated Boiler Water,’’ by C. E. 
Kaufman, V. M. Marcy, and W. H. Trautman, Proceedings of the 
Sixth Annual Water Conference, Engineers Society of Western 
Pennsylvania, October, 1945. 
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film temperature sufficiently high to precipitate potassium phos- 
phate out of solution unless actual overheating of a tube occurs 
to a considerable degree. With either sodium or potassium 
hydroxides, concentration of the solution occurs without going 
to dryness. In other words, in a boiler, or in a water-hydroxide 
system, Afs is practically nonexistent for sodium or potassium 
hydroxides. 

As pointed out in connection with Fig. 1, concentration of 
hydroxide, such as obtained by only a few degrees elevation in 
temperature due to film boiling, can produce conditions decidedly 
corrosive to boiler metal. Therefore in thinking in terms of the 
concentrated solution which can develop, it is desirable to intro- 
duce other salts of sufficient Ats to remain in solution in case of 
film boiling, and thereby reduce the concentration of caustic 
which can result. In order to accomplish this, the joint means 
were used of decreasing the range of alkali to be maintained in 
the boiler water and increasing the potassium chloride concen- 
tration. The effectiveness of this was checked in the laboratory 
by means of accelerated tests. Bombs were charged with 250 g 
of solids (anhydrous) and 30 g of water. The temperature 
within the bomb was raised to approximately 1022 F in a period 
of 3 hr, after which the heating was discontinued and the closed 
bomb allowed to cool to room temperature. The residual pres- 
sure due to the hydrogen generated during this test was measured 
after cooling. The results obtained for mixtures of potassium 
chloride and potassium hydroxide, potassium phosphate and 
potassium hydroxide, and mixtures of both potassium chloride 
and potassium phosphate with potassium hydroxide are plotted 
in Fig. 7. It will be noted from this figure that the amount 
of hydrogen formed, which is a direct indication of the amount of 
attack on iron, dropped very rapidly as the molar ratio decreases 
below 0.2 for mols KOH over the total mols of chemicals present. 
Thus for benefit to be obtained from this source it is indicated 
that the chloride concentration, in equivalents, should be at 
least 5 times that of the hydroxide concentration, and for added 
safety in this respect a ratio of 10 to 1 chloride to alkalinity was 
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established as a minimum for the chemical control of the Montaup 
boiler water. 

The detailed control limits which were established and have 
been maintained since January 1, 1944, are as follows: 


JOE BATU lee pt SPAS Ine Stealer cin'c Oh MRE 9.8-10.4 
Phenolphthalein alkalinity (ml, N/30 acid 

required for 100-ml sample)............. 0.5-1.6 
Phosphate (202); ppme en sec seine ciel 8-20 
Chloride: hydroxide ratio, epm............ Minimum = 10:1 
Potassium: sodium ratio,epm............. Minimum = 3:1 
BOSAL SOLIGS ppm er wie ceiasicaclcdisths ecto cles Gon Maximum = 1000 


Actually, the control has worked out so that the chloride to 
hydroxide ratio, in equivalents, is seldom below 50:1. Thusina 
film-boiling solution with At of 5 deg F, instead of obtaining a 
caustic concentration of 4.5 per cent, this concentration will be 
only about 0.09 per cent (900 ppm or 22.5 epm), or still within 
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the protective range of minimum attack by hydroxide on steel 
at high-pressure-boiler temperatures, as indicated by the data of 
Berl and van Taack plotted in Fig. 1. 


Hicu-PreEssuRE-BoILeER FEEDWATER 


The nature of the boiler feedwater is also a factor which cannot 
be ignored, especially in the operation of high-pressure boilers. 

The boiler feedwater at Montaup is obtained from the turbine 
condensers plus a small amount of evaporated make-up water. 
Control to maintain good feedwater conditions is normally main- 
tained at the plant, as proved by some 15 years’ operation of the 
400-psi boilers without difficulty -in the preboiler equipment. 
However, with the advent of the early difficulties encountered in 
the operation of the high-pressure boiler, steps were taken further 
to improve the quality of the feedwater wherever possible. 
Operation of the two deaerators was adjusted so that they would 
always be under positive pressure to assure good elimination of 
dissolved oxygen. The turbine condensers were also retubed in 
1944, to assure minimum contamination by the tidewater used 
for condenser cooling. 

These steps have resulted in feedwater which generally shows 
zero values for dissolved oxygen. Carbon dioxide in the system 
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is also very low, due to the feedwater to the evaporators being a 
sulphate rather than a carbonate water. Tests made on the 
steam indicate that the carbon-dioxide content is of the order of 
0.01 ppm. Measurement by means of a Leeds & Northrup pH 
meter on flowing cooled samples, right at the sampling points 
after the deaerators, generally shows pH values of about 8.5. 
Condenser leakage is immediately indicated on the condensate- 
conductivity recorders, and if this becomes at all high, the con- 
denser is taken out of service as soon as possible and the leaking 
tubes located and plugged. As a result of this control the tur- 
bine condensate used for feedwater has averaged less than 5 
micromhos per cm conductivity, since the summer of 1944. 


EXAMINATION OF BorLeR-TuBxE Sections 


The removal of tube sections for examination rather than 
merely examination and analysis of such deposits as are found in 
the wet-steam drum, has greatly facilitated the determination of 
internal conditions of the Montaup boiler. We have thus been 
able to study the distribution of constituents of the deposit be- 
tween the fire and cold sides of the tubes, as well as between the 
surface of the deposit and the area next to the metal. Examples 
of this variation are the presence of acmite (Naz20.Fe,03.48i0.) 
on the fire side of some tubes in a thin layer next to the metal. 
In some instances this layer was so thin that it would never have 
been detected had the tube section not been pickled. The bulk 
of the deposits was iron oxide and contained little or no acmite. 
Another example is the presence of a considerably higher percent- 
age of phosphate sludge on the cold side of some tubes rather 
than on the fire side. A third example of variation is found in the 
appearance of the internal surfaces of some tubes. Many of 
these specimens examined showed smooth continuous films of 
magnetic iron oxide, while others exhibited considerable rough- 
ness and thicker surface deposit. Pickling of the specimens 
showed that those tubes which exhibited a rough surface very 
frequently showed evidence of metal attack. 

The first set of specimens examined by us was removed from 
the boiler on January 13, 1943, at the time of failure in the No. 2 
roof tube. The general condition of these tubes has already 
been reported in the paper by Parks.? Also in this paper were 
presented for comparison photographs of tubes examined after 
the boiler had been on potassium-silicate treatment. In both 
of these sets of tubes a hard dense deposit, consisting chiefly of 
magnetic iron oxide, was found on the fire side of the specimens 
examined. This was, at least in the specimens removed after 
potassium-silicate treatment, found to overlie a very thin film of 
acmite (NazO.Fe.0;:4S8i02). The specimens removed after so- 
dium treatment were not pickled to determine if a layer of acmite 
adjacent to the metal was present. The cold side of the tubes, 
while showing a relatively rough surface, did not exhibit the hard, 
dense iron oxide found on the fire side in either of these sets of 
specimens. The material on the cold side of the tube was soft 
and powdery, as was the surface layer on the fire side which 
covered the hard, dense material. 3 

Appreciable roughening of the metal surface of a number of 
the tubes was evident. This roughening was believed due in 
part, at least, to small tears produced in the tubes during cold- 
drawing. A specimen of this sort of tubing, carefully polished to 
remove the tears before installation, did not show as much attack 
on the metal surface although this tube section was not in opera- 
tion as long as the unpolished tube. It is not known whether 
acid-cleaning of the boiler contributed to this roughening. 

The first set of specimens removed after the discontinuance of 
silica feed still showed some patches of the dense iron oxide, which 
patches were coated with metallic copper. Since these specimens 
had been in the boiler during silica feed and the acid-cleaning 
which was done following the silica treatment, it seems quite 
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possible that the deposition of copper and even part of the pitting contained any significant amount of this hard dense iron oxide. 
might have occurred during the acid-cleaning.. Tube sections One or two localized patches of scale had developed, but this-is 
removed up to September, 1945, showed that none of the tubes believed due to restricted circulation from welding slag in the 
which have been installed since the December, 1943, acid-cleaning __ particular tube orifice, as will be explained later. 
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Since the surfaces of the tubes originally installed in the boiler 
were found quite rough, particularly on the fire side, it was de- 
cided, in order really to evaluate the present method of treatment, 
to examine only specimens which have been installed since the 

- December, 19438, acid-cleaning. Special orifices were installed in 
the strainers feeding six of the north-wall tubes. A fairly large 
section of these tubes, plus an adjacent pair, fed by the normal 
orifice, was replaced in June, 1944, with new tubing and we were 
therefore able to determine the general effect of treatment and 
also the effect of the special orifices on the same set of samples. 

The specimens from this section examined during the latter 
part of 1944, contained considerably more calcium and mag- 
nesium phosphate than had previously been seen on the tubes 
since the institution of potassium treatment, although there was 
no evidence of marked attack on the tubes such as had been 
experienced with the tubes examined previously. It was found 
that much of the sludge and iron oxide could be removed from 
the boiler by operating for a 24-hr period at 400 psi and high 
blowdown. Until the October, 1945, failure of two rear-wall 
tubes, this treatment of the boiler indicated that accumulation 
of deposit was insignificant. 


ORIGINAL 


WALL TUBE 1390 
pow Ss 


NORTH WALL TUBE 140 


449 


Prior to the use of tubes installed in 1944, for examination, it 
was almost impossible to tell from the condition of the metal 
surface or from the amount of sludge accumulation just what the 
extent of attack really was. This was because the amount of 
metal loss and consequent roughening of the surface seemed to bea 
function of the number of tears occurring im the metal surface 
during cold-drawing, as well as operating conditions. The 
accumulation of iron oxide and also the precipitation of phosphate 
sludge appeared to be proportional to the amount of roughening 
of the metal surface. Of particular interest along this line was 
the fact that the phosphate sludge tended to pile up on the down- 
stream side of a high spot in the iron-oxide surface, especially 
behind a tubercle on the cold side of the tube. Weare ata loss to 
explain why there should be more phosphate on the cold side, 
unless the increased turbulence on the fire side of the tube pre- 
vented it from settling out. The phenomenon has, however, 
been observed too frequently to be pure coincidence. 

Fig. 8 shows portions of tubes removed from the north wall 
after approximately 15 months of the present potassium treat- 
ment. Tube No. 134 is one of a pair of tubes being fed through 
a normal 0.34-in. orifice. It will be noted that the surface of the 
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oxide film is fairly smooth and that there is no evidence of 
significant attack on the metal in the pickled specimen, either on 
the fire or cold side. Tube No. 138 is one of a pair of tubes being 
fed by a special 0.50-in. orifice and is similar in appearance to 
No. 134 tube with the normal orifice. Tube No. 136 is one of a 
pair of tubes being fed by a reduced-sized orifice, 0.30 in. In the 
original specimen from this tube the definite roughening of the 
surface of the deposit can be noted on both the fire and cold sides. 
In the pickled specimen there is a little more roughening of the 
surface on the fire side, Fig. 9. 

Tubes Nos. 139 and 140, Fig. 9, normally a pair fed by a single 
0.34-in. orifice, are fed by two separate 0.25-in. orifices. These 
two separate small orifices would transmit about the same total 
water flow as through a single 0.34-in. standard orifice. It will be 
noted that there is no more attack evident on the pickled speci- 
mens of tube No. 139 than in the normal tubes. The flaking off 
of deposits on the cold side of tube No. 139 is believed to be due 
purely to mechanical causes during shipment of the tube, since 
light tapping of the tube in the laboratory removed more of the 
deposit. The particular section of tube No. 140 shown was photo- 
graphed because of the apparent difference in the nature of the 
deposit. This is the only hard patch on any of this set of tubes, 
and does not extend over the remainder of the specimens from this 
tube. The main constituent of this very thin, hard, scalelike ma- 
terial is still iron oxide, although there is considerably more 
hematite (Fe.0;) than magnetic iron oxide (Fe;0,) present. 
There is also some phosphate sludge, some form of silica which 
was not sufficiently crystalline or present in sufficient amount for 
identification by x ray,and a small amount of metallic copper. 
Traces of sodium and potassium salts were also found in the 
deposits, apparently trapped in the scale. The poor appearance 
of the fire side of tube No. 140 is not considered significant as 
this condition was probably produced as a result of the orifice 
restriction which caused the No. 139 tube failure in July, 1944, as 
discussed in the first paper of this series by Parks, Patterson, and 
Ryan.+ 

The freedom from sludge and general appearance of most of 
these tubes is encouraging. It should be remembered, however, 
that the amount of sludge or scale which would cause little if any 
difficulty in the average boiler would likely result in a large num- 
ber of tube failures in a high-pressure boiler with high heat- 
absorption rates. 

The two tubes which failed on October 26, 1945, and a number 
of other tubes as well, again showed considerable deposit forma- 
tion. In view of the long period of operation with little in the 
way of deposits from January 1, 1944, to September 14, 1945, it 
appears that some unusual circumstance may have developed in 
the operation prior to October 26. On the other hand, this may 
simply indicate that inasmuch as only the tubes cut out can be 
inspected for internal conditions, it would be advisable to acid- 
clean the unit at regular intervals such as annual shutdowns, 
rather than to operate indefinitely without certain knowledge of 
boiler cleanliness. 


ConcLusIONS 


Operation of the Montaup high-pressure boiler since April, 
1943, when potassium treatment was first instituted, has been 
decidedly successful, with operation at full design pressure and 
generally near design load as required by the plant. 

There have been only two forced boiler outages since April, 
1943, associated with internal boiler deposit. This record for 
21/. years’ operation can be equaled or bettered by very few boilers 
operating at 1950 psi or higher drum pressure, which is the 
operating pressure of the Montaup unit. 

In arriving at the boiler-water control for high-pressure boilers, 
not only the over-all boiler-water conditions must be considered, 
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but attention must also be focused on the type of water which 
will develop when abnormally high concentrations occur, such 
as follow with but a few degrees film-temperature increase above 
the over-all boiler water and saturated-steam temperatures. 

It is felt that the advantages of potassium equilibrium in the . 
boiler water have been definite contributing factors to the operat- 
ing record of this boiler, similarly to a number of other boilers 
operating at pressures of 600 psi or above, where definite im- 
provements in internal boiler conditions or maintenance of 
turbine capacities, or both, have resulted. 


Discussion 


T. J. Frynecan.” This paper describes the application of 
potassium treatment to the Somerset Station and presents curves 
which show that under that treatment hide-out did not occur, 
while under sodium treatment it was present. ‘This is in agree- 
ment with our experience with three high-pressure natural- 
circulation boilers which operate at 1265 psia and 900 F at the 
turbine inlet and deliver 900,000 Ib of steam per hr. In our experi- 
ence, however, it has been found that hide-out of phosphate is 
absent only when the PO, content of the boiler water is kept at a 
low figure and consequently we do not allow it to exceed 10 
ppm. There is probably a relation between boiler design and the 
amount of hide-out which will occur, and this must be considered 
along with the purely chemical features of the problem. 

We can also support the statement regarding the decomposition 
of sulphite in the boiler water and can demonstrate that the con- 
dition which permits it to occur may be very delicately estab- 
lished and difficult to define. In one of two 900,000-lb per hr 
high-pressure boilers, which had been operated with about 15 
ppm of excess SO;, sufficient decomposition occurred so that 
hydrogen sulphide could be smelled easily in the steam, and cop- 
per sulphide deposits were found on the high-pressure heaters, 
while in the other boiler no evidence of sulphite decomposition 
was found. Both boilers. were operated under similar conditions 
of loading. 

Reports have been received of good results in the treatment of 
high magnesium boiler water with silicates in order to avoid 
magnesium-phosphate deposits and to precipitate magnesium as 
silicate sludge. The boilers which are given this treatment are 
generally operated at low pressure and with high make-up. — It 
seems risky to extend this treatment to boilers which operate in 
the pressure range which has been associated with silica deposits 
inthe turbine. Silicate treatment was discontinued in the Somer- 
set boiler because a small amount of silica scale had been found 
but an equally important consideration would be the internal 
condition of the turbine. : 

In spite of the fact that the three high-pressure units mentioned 
operate with less than 1 per cent make-up, at one time severe 
silica deposits had been found in the turbine. At present the 
silica deposits are light enough so that they can generally be disre- 
garded in scheduling the regular outages of these machines, and ~ 
this has been effected by reducing the boiler-water silica to as 
low a value as it is possible to obtain; it is usually of the order of 
2 to 8 ppm of silica. 


Avutruors’ CLOSURE 


Mr. Finnegan’s comments in regard to actions observed with 
phosphate and sulphite contribute to the information obtained 
from operating results. 

The extent to which phosphate hide-out will occur, or be 
eliminated, when using potassium chemicals, will be affected by 


10 Chemical Engineer, Buffalo, Niagara Electric Corporation, 
Buffalo, N. Y. Mem. A.S.M.E. 
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the ratio of potassium to sodium present, and the At as illustrated 
by Figs. 2 and 5 of the reference paper. 

The use of silica, properly controlled, has been of decided 
benefit in reducing the amount of adherent sludge in many 
boilers. Successful experiences in this respect include boilers 


operating at as high as 750-psi drum pressure, with no increase 
in the turbine deposition. The precipitation of residual mag- 
nesium entering the boiler as the silicate, instead of the hydroxide 
or phosphate, produces the most favorable conditions for the 
prevention of adherent sludges. 
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Experience With Instruments and Control 


Equipment for 2000-Psi Boiler at Somerset 


Station of Montaup Electric Company 


By W. D. BISSELL! ano E. B. POWELL? 


This paper presents comprehensive descriptions and 
operating experiences with the instruments and control 
equipment as applied to the high-pressure high-capacity 
boiler of the Somerset Station. Details are given not only 
of the completely automatic operating and control equip- 
ment but also of the indicating and recording instruments 
which enable the operators to follow constantly the oper- 
ating conditions of the boiler and thus permit immediate 
manual adjustment when the need is indicated. 


from location and sequence of installation in the station 
and, for brevity, will be referred to as boiler 6 in this dis- 
cussion. The instruments and automatic regulating devices 


4 YHE 2000-psi boiler at Somerset Station is numbered 6 
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which serve for operation control on the boiler are conveniently 
considered in three groups. In group (1) is classed equipment 
serving primarily for stabilization of output and efficiency of 
combustion; in group (2), equipment for maintenance of water 
conditions. Tor ready identification of equipment associated 
with the distinguishing characteristic of the boiler, a third group- 
ing is employed for permanent instruments and controls installed 
to meet the special needs of forced circulation. 


Conrrou or Borwer Operation AND ComeBustion Erriciancy 


The functions served by the instruments and control equip- 
ment of group (1), as classified in the preceding paragraph, are 
essentially those to be met in the operation of any modern boiler 
of equal capacity, i.e., pressure gages for steam, water, and air; 
flowmeters for steam, water, and fuel oil; feeder speed indicators 
for pulverized coal; instruments for evaluation of combustion 
efficiency; boiler-drum water-level recorder and drum water- 
level indicators; combustion and steam-pressure control; steam- 
temperature control; feedwater-pressure and flow-control de- 
vices. Interest in experience with this equipment is found 
chiefly in the instances where pioneering has been involved. 
Other equipment will be sketched merely for perspective. 

Main Control Board. The main control board, mounting in- 
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struments and controls primarily of group (1), is shown in Fig. 1. 
The operating signal lights for the boiler circulating pumps at 
the extreme left near the top of the board are the only equipment 
of this figure not classed as of group (1). At right and left of the 
board are independently mounted primary-air pressure gages. 
Above the board are fuel-oil pressure gages and coal-stream tem- 
perature indicators. On the board proper the top row includes 
coal-feeder tachometers at the extreme left, and fan-motor am- 
meters at the extreme right, multipoint draft gages in the middle, 
with water- and steam-pressure gages. The row of recording in- 
struments includes recorders for temperature of steam and boiler 
feedwater at the extreme left, and temperature of flue gases and 
air for combustion at the extreme right, with boiler-feedwater 
flow and pressure, and steam pressure, boiler-drum water level, 
main steam flow - air flow, reheater steam flow, fuel-oil pressure, 
and flue-gas oxygen in sequence in intermediate positions. At 
left and right of the feedwater flow recorder are mounted, respec- 
tively, controls for feedwater regulation and one of the drum 
water-level indicators. Similarly, at the sides of the flue-gas 
oxygen recorder are mounted, respectively, induced-draft-fan 
motor-exciter voltmeter and the steam-pressure reducing-valve 
controls. The lower half of the board is devoted almost exclu- 
sively to combustion and steam-pressure control, providing for 
manual control of the combustion system as a whole or for selec- 
tive use of manual or automatic control as desired on the differ- 
ent elements of the system. 

The flue gas-oxygen recorder is one of the highly informative 
instruments of the board. However, this instrument had barely 
passed the experimental development stage when purchased. 
As to be expected with novel equipment, a number of difficulties 
have been encountered from those frailties which it seems expe- 
rience alone can fully bring to light. Experience has also proved 
the value of the instrument as a guide in control of combustion, 
giving more definite and precise indication of furnace conditions 
than the steam flow - air flow recorder which it serves to supple- 
ment. The flue-gas oxygen recorder is now to be extensively re- 
built. : 

Mounted on a hinged panel at the left of the recorder row are 
indicating pyrometers for main superheated-steam and reheated- 
steam temperatures. Mounted on a separate panel on the op- 
posite side of the aisle, facing the main control board and not 
shown in the figure, is a group of instruments serving primarily to 
place control of the temperature of 375 psi superheated steam, 
delivered to the turbine throttle, in the hands of the high-pres- 
sure-boiler operator. This temperature control is effected by regu- 
lation of water supply to the desuperheater precediag the steam 
reheater normally, to the by-pass desuperheaters when the 
latter are in operation. The equipment of the panel includes two 
temperature indicators and recorders, one for each of the low- 
pressure-turbine throttles, an indicator for temperature of steam 
from the reheater, and water controls for the 4in. by-pass de- 
superheater. Control valves for the desuperheating station 
ahead of the reheater, while not operated from the panel, are 
readily accessible at the rear of the boiler at the same grade. 
Controls for the 10-in. by-pass pressure-reducing and desuper- 
heating station and for pressure reduction ahead of the 4in. de- 
superheater are on the main board. 

Variations in superheated-steam temperature on the low- 
pressure system are caused usually by variations in loading of 
low-pressure boilers which take up all load swings within the 
limits of their operating capacity. The throttle steam tempera- 
ture on the low-pressure turbines must be held within close lim- 
its. Obviously, maintenance of mere constancy of reheated- 
steam temperature would not meet the requirements. Accord- 
ingly, manual adjustments are made in desuperheating the low- 
pressure steam prior to reheating, or in automatically controlled 
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Fic. 2 Bortper-Frep-Pump InstRuMENT PANEL; GR.137 
temperature of pressure-reduced steam, or in both, as required 
to give substantially constant temperature at the low-pressure- 
turbine throttles. The indicating pyrometers on reheated steam 
and the temperature indicators and recorders on steam at the 
throttles of the two low-pressure turbines give the operator 
clearly readable and closely concurrent values at these points at 
all times. : 

Adjacent to the low-pressure-system steam-temperature con- 
trol panel is a 12-point potentiometer indicator for’ checking re- 
corders and for reading instantaneous temperatures. With multi- 
point recorders, several minutes may elapse between temperature 
measurements for a particular point. The indicators bridge the 
gap and give values instantly or continuously as desired. 

Boiler-Feed-Pump Instruments. Fig. 2 shows the boiler-feed- 
pump instrument panel on the main operating floor, Gr. 137, on 
which are mounted a recorder for steam flow to turbine-driven 
feed pumps and for high-pressure-boiler feedwater flow and pres- 
sure, and a recording pyrometer for feedwater temperature at 
several stages of heating, as well as indicating gages for individual 
pump suction and discharge pressures, pump-turbine-drive ex- 
haust and extraction pressures, and pressure differential between 
boiler drum and main feedwater header. Additional feedwater- 
system pressures and temperatures are indicated on the gages 
of the feedwater-heater instrument panel shown in Fig. 3. On 
this panel are also mounted controls for motor-operated feed-line 
valves at the high-pressure heaters and alarms for water levels in 
the shells of closed-type heaters. This panel is located on the 
ground floor, Gr, 118. 

Regulation of Boiler-Feedwater Flow and Feed-Line Pressure. 
The feedwater flow recorder on the main board records the total 
of the separate flows in the two feedwater lines to the boiler 
economizer. The feedwater-regulator controls mounted ad- 
jacent to this recorder provide for adjustment of water-level 
position in the drum, for changes from automatic control from the 
corresponding drum-end thermostat to manual control, and 
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vice versa on either or both feed-line flow regulators, and for the 
manual control of feed-line flow through either or both regulators. 
Valve position indicators immediately above the controls show at 
all times the degree of opening of each regulator. Separate line 
flow indicators, which are of value in equalizing regulator opera- 
tion, are mounted adjacent to the respective individual metering 
orifices. The master controller, which functions to maintain the 
required head differential on the feedwater regulating valves and 
a definite pressure excess in the feedwater line for sealing the 
glands of the boiler circulating pumps, is mounted at the rear of 
the boiler and, as its adjustments are of relative permanence, is 
not arranged for control from the main board. 

Transmission of the primary impulses from the drum end 
thermostats to the receiving diaphragms on the feedwater 
regulators, and from the feed-line excess-pressure master con- 
troller to the receiving diaphragms for adjusting the speed set- 
tings of the boiler feed pump turbine governors, has been accom- 
plished eminently satisfactorily with compressed air. For the 
actual motivating fluid on the feedwater-regulator pistons, water 
was found during preliminary operation to give a smoother and 
more precise control and, accordingly, was adopted. On failure 
of the motivating water supply, the feed-regulating valve is auto- 
matically locked in position. Shifts back and forth between 
automatic and manual controls are effected easily and smoothly 
and, since the change in motivating fluid on the water-flow- 
regulator pistons, the functioning of the system has creditably 
met all demands, positively controlling the water level in the 
drum over the full capacity range of feed-line flow dowa to the 
condition of complete feedwater supply through circulating- 
pump gland leakage. Maintenance, aside from wear on the feed- 
pump low-load flow-recirculating valves, has called for little more 
than routine of inspection, cleaning, and lubrication of parts. 


The feed-line pressure-control system provides not merely for 
high-pressure feed-pump speed adjustment but also for automatic 
spilling of the high-pressure feed-pump-drive turbine exhaust to 
the 15-psig exhaust system, and to atmosphere if required in the 
emergency of failure of one of the normally two such pumps in 
operation. As there has been no high-pressure boiler-feed pump 
service failure, this last provision has not been called into opera- 
tion. 

The automatic control of recirculation of feedwater, required 
at low loads on the high-pressure boiler-feed pumps,’ is also one 
of the functions of the high-pressure boiler-feed regulating system. 
The recirculating valve is operated by air impulse from the feed- 
pump-governor speed-setting control. As commented above, 
wear on the valve parts from the 2150-psi to 500-psi pressure 
reduction taken in the valve has been about the only source of 
significant replacement called for in’ maintenance of the high- 
pressure-feed regulating system. It is now believed that the life 
of these parts can be increased by change in design. 

Combustion Control. Combustion control is of course initiated 
by change in steam pressure, with auxiliary adjustments from the 
accompanying steam flow and gas flow. The measurements of 
steam pressure and steam flow are usually direct and accom- 
plished with adequate precision without regard to boiler design. 
On the other hand, for the modern boiler with heating surface 
almost exclusively of the radiant type, especially where the super- 
heater is under gas by-pass control as in boiler 6, inherent 
sources of draft loss appropriate for the measurement of com- 
bustion-gas flow or combustion air flow become not so obvious. 
Control equipment and certain instruments used for giving a 
running check on control efficiency are dependent upon the pre- 
cision of this measurement. The problem of providing the essen- 
tials for this measurement adequately and economically may 
well receive the careful attention of both boiler manufacturer and 
plant designer. 

Before going into the experiences in measurement of combus- 
tion-gas flow on boiler 6, it should be pointed out that super- 
heated-steam temperature is controlled by diverting through the 
upper economizer a part of the combustion gas flow which 
would otherwise make full travel of the convection bank of the 
superheater. The diversion of gas flow is accomplished by ad- 
justment of main and by-pass dampers at the gas outlet of the 
economizer, shown diagrammatically in Fig. 4. Steam tempera- 
ture is held very closely, swings in temperature rarely exceeding 
5 F even during operation of soot blowers. 

As first arranged, air flow for combustion was evaluated by 
summation of straight-line functions of gas pressure drops across 
the two parts of the economizer, utilizing connections at points 
about as indicated by C and D and B and F in Fig. 4. For re- 
cording steam flow - air flow relations, the combustion-gas flow in- 
itially was to be based upon the differential across the steam re- 
heater between points indicated by A and B, also in Fig. 4. It 
early became evident, however, that the normal gas resistance of 
the reheater was not great enough to give consistent measure- 
ment of gas flow, and connections were made to provide for sum-~- 
mation of straight-line functions of economizer-draft drops, 
paralleling the corresponding arrangements for combustion con- 
trol. For metering purposes, however, an effort was made to 
compensate for variations in gas density by making the two pres- 
sure connections on the flue at the same level and extending the 
trailing pressure lead to the outlet of the economizer within 


the gas stream. 
Attempts toward close co-ordination in combustion control en- 


3 “‘1825-Lb-Pressure Topping Unit With Special Reference to 
Forced-Circulation Boiler,” by F. 8. Clark, F. H. Rosencrants, and 
W. H. Armacost, Trans. A.S.M.E., vol. 65, 1943, pp. 461-477. 
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countered the situation that pressures measured at the down- 
stream connections in the economizer casings were seriously in- 
fluenced by flow disturbances varying with the positions of main 
and by-pass dampers. In addition, during the first few months of 
operation, apparently the economizer gas-pressure differentials 
were affected by accumulating deposits on economizer surfaces 
and by flow disturbances from slag and ash accumulations in the 
superheater and reheater ahead of the economizer. These factors 
gave an annoying lack of consistency in gas-pressure differential 
in relation to actual rate of gas flow. After exhaustive efforts to 
improve performance, it was decided to abandon use of the steam- 
generating equipment proper as a source of gas-pressure differen- 
tial and install restricting baffles to form an orifice in the short 
length of flue between the economizer-outlet dampers and the air 
heater, as indicated in Fig. 4. Observations with this arrange- 
ment, however, demonstrated that the pressure loss, as meas- 
ured across the restricting baffles, was also influenced by the posi- 
tion of the dampers. 

Air heaters of the rotating type are generally regarded as too 
unstable in draft characteristics for evaluating rates of gas flow, 


their variations in leakage and in resistance of path being thought 
too great to permit use of a device of that kind in the control of 
combustion and the metering of gas flow. However, use of the 
air-heater pressure differentials was adopted as a last resort. 
Connections for metering gas flow and the gas-flow factor in com- 
bustion control were shifted to Gand H, Fig. 4. The results have 
been very promising. The arrangement has now been in opera- 
tion more than 6 months, and combustion control and air-flow 
measurement have been found to respond satisfactorily not only 
to normal fluctuations but in meeting severe sudden changes in 
load. 

Protective devices‘associated with the combustion control are 
arranged to give instant stoppage of fuel, coal or oil, on loss of pri- 
mary air, on excessive back pressure in the furnace, or on failure 
of both induced-draft fans and, under this last condition, forced- 
draft and primary-air fans will be tripped out. The use of con- 
trolled circulation requires also that all fuel be instantly cut off on 
failure of circulation, which in this case is effected by the pressure 
differential across the circulating pumps on dropping to 20 psi. 

Although not news to many associated with power-plant opera- 
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tion, it still cannot be too strongly stressed that successful opera- 
tion of automatic controls is inescapably dependent upon their 
conscientious routine inspection and maintenance and, where 
compressed air is the control-impulse fluid as on boiler 6, absolute 
cleanliness and dryness of air and reliability of air supply are of 
vital importance. Control service compressors are provided in 
duplicate, each of capacity for full requirements, with the station 
compressed-air system as emergency reserve, each brought in 
automatically on predetermined fall in control-line pressure. 


ConTROL OF BoILER CIRCULATION 


The control and instrument equipment of group (3), having to 
do primarily with control of the boiler circulation, are of the gen- 
eral type of group (1). Aside from the signal lights and emer- 
gency cutoff for fuel supply mentioned in discussing the equip- 
ment of group (1), and certain gages mounted directly on the 
circulating pumps, the present control equipment of group (3) 
is identified on the boiler-circulating-pump panel, Fig. 5, which is 


Gr. 118 


Fic. 5 Crrcoutatinec-Pump PANEL; 


set up immediately beside the pumps as indicated in Fig. 4. 
There are three pumps, one motor-driven and two with com- 
bined motor-and-turbine drives. The gages of the two upper rows 
on the panel are arranged in three groups, showing for each pump 
labyrinth-seal injection and leak-off pressures and pump-drive- 
motor amperes. 

Rise in labyrinth leak-off pressure, indicating an increase In 
seuling-water requirements, has served to give warning of wear 
in the labyrinth gland. The three gages of the next row below are 
for pwmp suction and discharge header pressures and steam pres- 
sure available at the pump-drive-turbine throttles. Operating 
signal lights for the two turbines are mounted in intermediate 


positions in this row. Below are, first a row of signal lights to in- 
dicate the position of the individual pump suction and discharge 
valves, whether open or closed and, below these, the motor- 
circuit-breaker controls and their open and closed position signal 
lights. For convenience of the pump operator for close observa- 
tion while the boiler is being brought up to pressure or taken off 
pressure, injection pressure gages are mounted close to the in- 
jection control valves at the individual pumps. 

In addition to the control facilities at present in use, three dif- 
ferential-pressure recorders have been provided and are now 
mounted in place, but not yet connected, on a separate panel 
near the main operating board of boiler 6 on Gr. 137. These re- 
corders will give, for each of the three pumps, continuous record 
of pressure differentials between suction and discharge and be- 
tween discharge and labyrinth-gland-seal injection. As pointed 
out in a paper by Parks, Patterson, and Ryan,‘ in the original 
sealing arrangement the breakdown from the operating pressure 
of the circulating pump to the final leak-off pressure of approxi- 
mately 125 psi was effected by labyrinth exclusively. Water 
flow for sealing purposes and required boiler-feed line pressure, 
however, proved considerably higher than anticipated. With 
this condition corrected, the purpose of the new recorders is both 
to give continuous record of circulating-pump over-all perform- 
ance and to permit taking full advantage of the gland-seal im- 
provement in lowered feed-line pressure and feed-pump power 
consumption. 


ConTROL oF WATER CONDITIONING 


As is to be inferred from the other papers of this series, experi- 
ence with the instruments of group (2) has been of major interest at 
the station. Preliminary operation of the high-pressure unit early 
demonstrated that the simple routine of daily tests which, had 
served for the older 375-psi plant was far from meeting the needs 
of close control of water conditions for boiler 6. More observa- 
tions and more frequent observations were necessary to avoid 
too long continuance of contamination or too wide discrepancy 
between coincident chemical requirements and actual chemical 
concentrations. Specific factors determined as commonly con- 
tributing to upsets of water conditions and found calling for more 
prompt detection have included condenser leakage; evaporator 
carry-over; chemical-feed variations; change in continuous- 
blowdown recirculation; change in continuous blowdown to 
waste; contamination of stored condensate; subatmospheric 
pressure in deaerators; carry-over by steam from low-pressure 
boilers. : 

Hazards associated with condenser leakage in a seaboard plant 
hardly need comment. Evaporator carry-over at Somerset Sta- 
tion presented a greater than usual problem because the make-up 
feed is drawn from a surface supply subject to seasonal organic 
contamination of a sort which markedly affects the boiling prop- 
erties of the water. The severe foaming which, prior to the in- 


- stallation of supplemental washing scrubbers -on the evaporator 


vapor lines in the summer of 1944, was liable to occur at unex- 
pectedly low evaporator concentration, was also very liable to 
pass undetected by any usual spot-sampling routine. The other 
factors mentioned have recognizable counterparts in most power 
stations. Factors less usual and less lable to occasional occur- 
rence have also come to attention. All have important poten- 
tialities in any high-pressure-boiler plant. 

Inspection following the overheating of a furnace-roof tube on 
January 13, 1943, had shown incipient pitting on tube interior sur- 
faces with corrosion products constituting the major part of the 


4 “Operating History and Performance of 2000-Psi Forced-Circu- 
lation Boiler at Somerset Station of Montaup Electric Company,” 
by G. U. Parks, W.S. Patterson, and W. F’. Ryan, published on pages 
411-427 of this issue of the Transactions. | 
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deposited material within the tubes. It appeared that tempera- 
ture rise in the metal from the insulating effect of a solid deposit 
on the interior surface of the tube might be promoting corrosion 
and so adding to the build-up of solid material with accelerating 
effects. Recording instruments to reveal and identify corrosive 
and other unfavorable conditions as they occurred seemed of 
pressing importance. 

Hydrogen evolution at the steel surface was believed to give 
a reliable index of the rate of metal loss in the absence of free 
oxygen in the system. Consequently, among the first of the new 
instruments selected was a two-point hydrogen single-point oxy- 
gen recorder, its commercial development and possibilities having 
been brought to the attention of one of the authors by Shep- 
pard T. Powell. Also, for the utmost promptness in detection 
and identification of departures from scheduled conditions, so as 
to minimize the continuance and effects of water variables, re- 
corders were provided to eover continuously the highly informa- 
tive test values of high-pressure feedwater and boiler-water pH 
and conductivity, and high-pressure steam and evaporator vapor 
conductivity. It was further recognized that instruments of 
this class should be under practically constant surveillance of 
operators who would themselves take any indicated corrective 
measures or would be in a position promptly to give proper in- 
structions to others. In setting up the permanent installation, 
the hydrogen-and-oxygen recorder, the high-pressure feedwater 
and boiler-water continuous-blowdown pH recorder, the high- 
pressure feedwater and superheated-steam conductivity recorder, 
and the high-pressure boiler-water* continuous-blowdown con- 
ductivity recorder were mounted on the high-pressure turbine- 
room main operating control board shown in Fig. 6, and the 
evaporator vapor-conductivity recorder was installed in the low- 
pressure station pump and evaporator room. 

The high-pressure-turbine operator makes. an hourly log of 
chemical-pump operation and continuous-blowdown valve set- 
tings; also, of recorded high-pressure feedwater oxygen and hy- 
drogen concentrations, conductivity, and pH; _boiler-water 
conductivity; and superheated-steam hydrogen concentration 
and conductivity. In logging these values entry is made of 
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the temperature of the samples to the different recorders. Be- 
cause of the importance of stability of water conditions in boiler 
6, the operator makes hourly tests of the high-pressure continu- 
ous-blowdown water for alkalinity, phosphate concentration, 
and pH value as running checks on the recorders. With the close 
observation of water conditions so maintained in such comprehen- 
sive scope, even a slight change is quickly detected and usually 
its source rather promptly identified so that, in general, correc- 
tion can be made before any serious effects have resulted. Never- 
theless, much more in this direction can still be done. Meanwhile 
the broadened and heightened interest of the turbine operators, 
and their conscientious follow-up of irregularities observed in 
water conditions, are worthy of note and of emulation. 

The more complete daily analysis of high-pressure-boiler water 
and boiler feedwater is made once daily by the plant laboratory 
and the results of these analyses are used as the over-all check on 
the hourly tests for basic control of water conditioning. The 
extremely low values to which contamination from hardness- 
producing salts is held in the condensate of this tidewater sta- 
tion make it practicable to recireculate boiler blowdown water to 
assist in stabilizing feedwater alkalinity and deliver the normal 
dosage of all water-conditioning chemicals continuously at the 
outlet of the deaerators to be carried through all high-temperature 
heat-exchange equipment to the boiler. A high-pressure chemical 
pump is available for delivery of chemicals directly to the boiler 
drum as special conditions may require. 

Notwithstanding the generally small values of feedwater con- 
tamination, the recording instruments give very practical dem- 
onstration of the importance of continuity and uniformity in 
chemical feed. With intermittent delivery of chemicals, if there is 
serious condenser leakage or evaporator priming during an in- 
terval between periods of chemical introduction, there are 
prompt reflections in phosphate concentration and pH value, 
followed by increase in hydrogen evolution shown by the sample 
streams of both steam and feedwater. It is an almost invariable 
observation that serious upset in water conditions causes response 
in at least some discernible degree in the three feedwater test re- 
corders. On this account, if one instrument shows an unusual in- 
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dication without response of any sort in the records of the others, 
the condition and accuracy of that instrument are investigated. 
Initial sampling connections and piping to the analyzing blocks 
of the hydrogen and oxygen recorder were temporary in anticipa- 
tion of exploratory studies to be conducted. With the aid of de- 
gassing and sampling apparatus made available in March, 1944, 
through the courtesy of the American Gas and Electric Service 
Corporation and Beech Bottom Power Company, several weeks 
were spent in calibration of the hydrogen equipment and the po- 
tential accuracy and dependability of the analyzer and recorder 
demonstrated. After considerable preliminary investigation of 
sources of hydrogen liberation in the high-pressure system, per- 
manent connections for sampling were established, and the in- 
stallation was completed early in 1945. The oxygen-analyzing 
block of the recorder was connected to the high-pressure feed- 
water line immediately ahead of the boiler 6 economizer. One of 


the hydrogen-analyzing blocks receives its sample from the same 
point. The second hydrogen-analyzing-block connection was 
made to the high-pressure superheated-steam lead of the 1800- 
psi 950 F topping turbine. 

Steam- and Water-Sampling Arrangements. General arrange- 
ments of the high-pressure steam- and feedwater-sampling con- 
nections are shown in Figs. 7and 8. Fig. 9 is from a photograph 
of the feedwater-sampling connection immediately ahead of the 
economizer. The steam-sampling nozzle is stabilized stainless 
steel, and to avoid complexities associated with welding to the 
carbon-molybdenum steel of the adjacent outer fittings, this 
nozzle is held to seated position by a special alloy spring. The 
initial pressure of the steam sample is broken down through a 
series of eight orifices to about 100 psig. The sample is then led 
through stainless steel to cooling coils in which it is condensed 
and the temperature brought to approximately 120 F or some- 
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what higher for the hydrogen-analyzing block, and for degassing 
when a precise measure of steam conductivity is desired. 

A part of the condensed sample is cooled further, to about 100 
F, for purposes of the routine conductivity record. The high- 
pressure feedwater sample passes first over the corrosion-indicat- 
ing specimen mentioned in a current paper by Bissell, Cross, and 
White,® then flows through a six-orifice stainless-steel pressure-re- 
ducing block in which the pressure is brought down to somewhat 
under 300 psig. The feedwater sample is also cooled to 120 F 
or somewhat higher, for the oxygen and hydrogen analyzing 
blocks, and parts are cooled further to 90 F, approximately, for 
conductivity and pH measurement. As in the case of the con- 
densed sample of high-pressure steam, the tubing used to convey 
the feedwater sample is of stainless steel. Intermediate and 
terminal pressure connections are provided for the series of ori- 
fices on each sampling line. r 

Although used initially for checking the flow capacities of the 
orifices, the gages are part of the permanent installation to give 
warning of change in flow characteristics from accumulation of 
iron oxide in the orifices or from wear. The iron oxide present in 
the feedwater and steam, which is an important topic of another 
paper of this series,® deposits in the orifices of the feedwater- 
sampling system but apparently has had no effect on steam 
sampling. It has so far rather frequently proved necessary to 
clean the orifices of the feedwater system when returning the 
boiler to service after an outage. Similarly, at the end of ap- 
proximately 1 year, the steam-sample flow rate through the orifice 
series was unchanged and the water-sample flow rate had been 


5 “Special Studies of the Feedwater-Steam System of the 2000-Psi 
Boiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell, B. J. Cross, and H. E. White, published on pages 429- 
442 of this issue of the Transactions. 


increased by roughly 40 per cent. The sample cooling coils and 
analyzing elements for the group (2) recorders mounted on the 
high-pressure-turbine operating board are shown in Fig. 10. 

Records of Operation. Under current normal operating condi- 
tions, oxygen concentration recorded is ‘‘zero,’’ expressed in parts 
per million (ppm), and the approximately full-load concentrations 
of hydrogen are close to 2 parts per billion (ppb) in the feedwater 
at the boiler 6 economizer entrance and below 3 ppb in the super- 
heated steam as delivered to the high-pressure turbine. Other 
full-load characteristics recorded by the instruments of group (2) 
are conductivity of steam about 1.5 micromhos as sampled, vary- 
ing with the seasons, and 0.6-0.7 micromho degassed; conduc- 
tivity of chemically treated feedwater about 5 micromhos; con- 
ductivity of boiler water about 1000 micromhos; pH value of 
feedwater 8.3; and pH value of boiler water 10.3. 

To illustrate the potential value of instruments of this general 
class it has seemed advantageous to select records of important 
departure from the characteristic performance. Figs. 11, 12, 13, 
and 14 have been prepared with this in view. 

The hydrogen-and-oxygen recorder had been placed in opera- 
tion November 7, 1943. The manufacturer’s field calibration was 
undertaken within the next 10 days. On placing the instrument in 
service, the points of sampling at that time being at the econo- 
mizer outlet and the dry drum of boiler 6, recorded hydrogen 
concentrations in the saturated steam seemed high, 10 ppb to 
18 ppb at times, and showing progressive increase. 

On November 27, 1948, the boiler was taken out of service for 
low-pressure blowdown, and on December 5, 1943, for complete 
change of water and cleaning of the main drum. Eleven pounds 
of solids, approximately 45 per ceht magnetic oxide of iron from 
the analysis, were removed from the drum and the boiler was 
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returned to service, attaining full rated pressure and an output of 
620,000 lb per hr shortly after 8 a.m. on Monday, December 6. 

Values shown in Fig. 11 for hydrogen in feedwater and steam 
are probably not very significant prior to 12:30 or 1:00 a.m. when 
the boiler pressure had passed above 1000 psi. Full designed 
pressure was attained shortly after 2:00 a.m. The progressive 
fall in hydrogen concentration of the saturated steam shown 
prior to about 3:30 a.m. is probably due to dilution accompany- 
ing the increasing rate of steam generation which at 3:30 was 
approximately 375,000 lb per hr. 

There had been a period of leakage in one of the condensers 
between midnight and 1:00 a.m. and this was probably, at least in 


part, responsible for the relatively high evolution of hydrogen | 


in the feed system during the early morning hours. Feedwater 
make-up at the time was being drawn from the distilled-water 
storage tank and may have been not entirely free from solids 
contamination. It will be noted that instead of a fall in hydrogen 


concentration of the steam which is a usual accompaniment of an - 


increase in rate of steam generation, the increase in boiler loading 
between 5:30 a.m. and 8:30 a.m. brought a small rise in hydrogen 
concentration of the steam. 

Without much further change in loading, this was followed at 
9:30 a.m. by rapid increase in rate of hydrogen evolution in the 
boiler by about 6 ppb, attaining a concentration in the saturated 
steam of 20-22 ppb at 10:00a.m. With this substantially full- 
rated-load operation continuing the balance of the day, there was 
gradual progressive increase in rate of hydrogen evolution in the 
system until at 12:25 a.m., December 7, with the hydrogen con- 
centration in the steam having reached 24 ppb, one of the roof 
tubes ruptured and the boiler was thereupon promptly taken off 
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the line. The increases in hydrogen evolution in the feedwater 
system, raising the hydrogen concentration of the feedwater to 
4 ppb at 8:00 to 8:20 p.m., and to a maximum of 4.4 ppb after 
10:00 p.m., may have been due to leakage of one of the conden- 
sers. Records are not complete for the period. 

In the light of subsequent experience it is of course perfectly 
obvious that on at least part of the boiler surface, temperatures 
had been excessive throughout the full period of operation prior to 
December 7, during which the hydrogen-and-oxygen recorder had 
been in service but at the time there was still much doubt re- 
garding the interpretation to be placed upon the indications of 
the instrument. 

As stated irl the first paper of the series,‘ there have been two 
subsequent failures from-overheating of furnace tubes in boiler 6. 
At the time of the first of these failures, discovered on taking the 
boiler off the line on July 16, 1944, the analyzing block for hydro- 
gen concentration in steam had been out of order for several 
days, so depriving the operators of the possibility of a warning 
indication. The circumstances of the second failure October 26, 
1945, are discussed later in the present paper under ‘‘Value and 
Limitations of Hydrogen Recorder.” 

Fig. 12 was prepared primarily to show by means of 6-hr aver- 
ages immediate and cumulative effects of continued tube leakage 
in a service water heater. It will be noted, however, that the 
records show other features of interest. The steam condensed in 
the service heater was returned at intervals to the boiler-feed 
system by a trap. The water being heated was from the same 
surface supply from which water for the boiler-feed make-up 
evaporators is taken and is very low in dissolved inorganic 
solids but carries small and somewhat varying proportions of 


ox 600 |p ht pease Ban 
a [ ee | ; I LIGHTNING STORM aE 
es chore ieee i : | ‘AND Loss OF LOAD af 400 
a t int vs 
© 200 |" — ra iP + + 200 
4 i the ae + 
= 0 sit oo a ee ' 
riSay 15 
i a7 c 4 i + = —+ 2S 
les | | | SUPERHEATED STEAM 
Pa estes 
2 3 20 | a > P 4 Es ens 2.0 
Dro | 10 
ay Pt 3 
BSP Serra ea Pala ss EPNDENEES | _CoNOENSER Leakinc Heater 
S 2 si Nenence | penne LEAKING Taken Orr Boe 1.5 
al go 12 tia \ 
Se ee = 
Si52 | 1.0 
B = Soe FEED WATER 5 
wW | 
Ey 05 ash ‘reall | + se 0.5 
<x (2) | | 
3} 
fe) 0 0 "3 
10 10 
: 9 
abel 
a 
e 8 
u 7 
215 = 10, 10 25 
o | 
2}+2.0a 8} — : + =| 1 beige 
a a | HYDROGEN~SUPERHEATED STEAM 
1576 a —|- 
72 & | | psraumeny 6 15 
Wlio&4 est A i | 
of 1° 16 \ ie i 4 10 
melee DROGEN-B.F. WATER 
ay Ses Sa es es eae ae = He a et bp t= 
: | Tiihereereetes TT TT COPE CPE Ere 
Os) : - : 0. 6: 
5 12 6 12 6 N25 Omen, 12, 6 12 Gy 1256 T 2Se Geile” 161 12, erlOmnaye Gy ile Ce 12 Gr 2h iG 12) G0 bao gene: 12 yp 
NOON NOON’ NOON NOON NOON NOON NOON NOON * NOON 
AUG. 29 AUG 30 AUG. 31 SEPT. SEPT. 2 SEPT.3 SEPT.4 SEPT.5 SEPT.6 


Fic. 12 Grapuic Loc: Aucust 29 To SrpremsBer 6, 1945, INcLUSIVE 


— 


BISSELL, POWELL—EXPERIENCE WITH EQUIPMENT FOR 2000-PSI BOILER AT SOMERSET STATION 463 


Ss 


—F 


1.0 


fre 
i 
P| 
r 
q 
g 


w 


w 
oO 
2 
oO 
= 
v 
a 
3 
15 
& 
a 
a 
2 
< 
Ww 
FE 
ty) 


i 1 ee 


WATER-MICROMHOS CM CUBE 


>  O® 


OXYGEN-PPM 
ooh 


OXYGEN- 8. F. WATER — 


2, ! | 


° 
Oe 
=< 1 
v 
= 


SEPT. 2 


Fic. 13 Grapuic Loas: 


carbon dioxide and ammonia. Instantaneous effects of the opera- 
tion of the trap during the height of the heater leakage are shown 
in some detail in Fig. 13. 

Apparently the service-heater leakage on August 29, 1945, was 
comparatively slight and the irregularities in feedwater character- 
istics were not immediately sufficient to attract the attention of 
the operators. However, after the swings in feedwater conduc- 
tivity became noticeable, it was some time before the source of 
contamination could be identified, on the evening of September 3, 
and then it was not found feasible to take the heater out of serv- 
ice for repair until September 5. 

The rise in average feedwater conductivity over the period of 
September 1 to September 3, inclusive, is probably all to be ac- 
counted for as a reflection of the week-end and Labor Day holi- 
day sagin load. The sag in feedwater pH average over the same 
period is believed similarly accountable as due to decrease and 
absence of low-pressure-boiler blow-down recirculation. 

On the other hand, it seems that the high-pressure superheated- 
steam hydrogen concentration may be reflecting the effects of 
feedwater contamination to some extent and, on September 2 and 
3, was also influenced by the low feedwater pH occurring on those 
days. As to be inferred from Fig. 13, the gas content of the raw 
water entering the system through the leaking heater causes in- 
crease in the conductivity of the superheated steam. The main 
cause of the higher-than-usual average conductivity of the steam 
was probably a high proportion of make-up coupled with sea- 
sonal increase in gas content of the raw make-up water. 

On August 30 and on August 31 the effects of the service- 
heater tube leakage were augmented by main-condenser-tube 
leakage. Shortly after 8:00 a.m. on August 30 leakage of one of 
the surface condensers caused a brief rise in high-pressure-boiler 
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Serremeer 2 and Sepremper 21, 1945 


feedwater conductivity from about 5 micromhos to 22 micromhos. 
The leakage was rather promptly corrected. The effect on pH 
value of feedwater was recorded by coincident drop from pH 8.6 
to pH 8.1. Any effect on the rate of hydrogen evolution in either 
boiler-feed system or high-pressure boiler was masked by the test 
on the instrument begun shortly thereafter. 

At about 8:20 a.m. on August 31 a severe lightning storm took 
out transmission lines which caused an abrupt drop in boiler 
load equivalent to about 275,000 lb steam generation per hr. 
The resulting temperature stresses in the condensers caused tube- 
joint leakage which was reflected in rise of feedwater conductivity 
from 5-6 micromhos to over 10 micromhos, drop in feedwater 
pH value from pH 8.6 to pH 8.2, and rise in hydrogen con- 
centration in the superheated steam from 2.7 ppb to 3.5 ppb, the 
last mentioned being doubtless in part a simple reflection of loss 
of load. At the same time apparently the abrupt temperature 
change in the boiler-furnace tubes was sufficient to cause some 
release of “‘hide-out?’ alkalinity, as reflected by the abrupt rise 
in pH value of boiler water from around pH 10.35 to pH 10.9. 

The initial stoppage of the condenser leakage was only tem- 
porary, and further leakage was registered about 10:30 a.m. 
which caused an abrupt and very brief increase in feedwater con- 
ductivity from about 6 micromhos to 20.5 micromhos with ac- 
companying drop in pH value of boiler feedwater from pH 8.6 to 
pH 8.15 and somewhat marked increase in rate of hydrogen 
evolution in the high-pressure boiler, raising the concentration in 
the superheated steam from about 3 ppb to 4.4 ppb. The loss of 
load and leakage of condensers were both accompanied by oxygen 
contamination of the boiler feedwater. Whether this was due to 
unbalance of steam supply to the deaerators at the time is un- 
certain. There was further appearance of dissolved oxygen in 
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the feedwater on September 2 which is mentioned in the follow- 
ing discussion of Fig. 13. 

Eight hours of chart records for Sunday loading on September 
2 have been plotted at the left in Fig. 13 to show more clearly 
the response of the high-pressure-boiler feedwater steam system to 
the leakage in the service heater. As to be expected, the effects of 
the discharge of the heater drain trap are most acutely reflected 
in the conductivity and pH value of the boiler feedwater. The 
intermittent contamination, probably chiefly from the gaseous 
content, also appears in the conductivity of the superheated 
steam. The rate of hydrogen evolution in the boiler-feedwater 
system seems not to have been influenced, continuing practically 
constant at around 2.2 ppb as measured at the entrance to the 
boiler 6 economizer. The effect on hydrogen evolution in the 
boiler is, however, only slightly less noticeable than that on boiler- 
feedwater conductivity and pH value. It will be noted that in 
their general trend, the values for conductivity of superheated 
steam and boiler feedwater, the pH value of boiler feedwater, and 
the hydrogen evolution in the boiler are all responsive to the rate 
of steam generation. 

The appearance of dissolved oxygen in the boiler feedwater 
beginning about 5:40 p.m. and reaching a value of about 0.2 ppm 
at 6:00 p.m., may have been due either to unbalance of steam 
supply to the deaerators resulting from the accompanying in- 
crease in boiler load or to admission of air-contaminated water in 
preparing one of the boiler feed pumps for return to service, ac- 
tually put on the line about 6:50 p.m. 

The graphs at the right in Fig. 13, for 12 hours of the morning 
of September 21, are intended primarily to show the recarding of 
an instance of severe condenser leakage occurring shortly before 
4 a.m., and so further illustrating the sensitivity of the feedwater 
line and boiler system to corrosive and otherwise adversely reac- 
tive constituents in the feedwater. The trends of the several 
values also reflect effects of change in rate of steam generation. 
Boiler 6 was carrying the entire station load up to 7:15 a.m. 

The relatively high conductivity shown by the boiler feedwater 
prior to the development of the condenser leakage was probably 
the result of continuing the chemical-feed delivery at the aver- 
age rate which had been adjasted for the higher load conditions 
of the previous day. The condenser leakage brought a rather 
abrupt rise in feedwater conductivity from about 8.5 micromhos 
to 12.5 micromhos and was effectively checked about one-half 
hour later, as will be noted from the rapid fall in feedwater con- 
ductivity to a value governed essentially by the rate of feedwater 
flow. 

The conductivity of the superheated steam responded in a 
brief fall of about 0.1 micromhos, suggesting either a fixation of a 
part of the ammonia or carbon dioxide by dissolved solids of the 
contaminating harbor water or stabilizing effects of the chloride 
content of the harbor water. The pH value of the boiler feed- 
water dropped substantially simultaneously with the increase 
in conductivity. The recovery of pH value was more gradual. 
The trend of the dissolved-hydrogen values recorded for the 
boiler feedwater would suggest a somewhat delayed response. 
The response in rate of hydrogen evolution in the boiler, however, 
was quite marked and prolonged, the increase in concentration 
in the superheated steam being approximately 3.4 ppb, requiring 
a full 4 hours for recovery. 

An item, possibly of interest in connection with the detection 
of condenser leakage, was met in the early investigation of poten- 
tial sources of contamination which would affect the operation of 
boiler 6 when it was found that salt in considerable quantity 
could be added at the condenser hot well without effect upon the 
recorded condensate conductivity although appropriately in- 
creasing the feedwater conductivity. The hot-well conductivity 
cells drew their sample from the top of the condensate line ahead 
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of the hot-well pump. Dispersion in the condensate line evidently 
was not sufficiently rapid. 

Fig. 14 shows recorded effects associated with taking one of the 
station deaerators out of service, and its return, on Sunday, 
October 7, 1945. The graphs give a 15-hr record. It seems prob- 
able that with the light loading of the early morning, there were 
sufficient differences in deaerator pressures to cause fluctuations in 
chemical-feed distribution between the two deaerators, resulting 
in the fluctuations in feedwater conductivity and pH noticeable 
between 6:00 a.m. and 8:00a.m. Around 8:30 a.m. steps were 
taken to cut deaerator No. 1 out of service. The chemical feed 
to that deaerator was not immediately shut off. With the fall- 
ing pressure in the first deaerator, chemical feed to the other 
deaerator was automatically discontinued. 

The absence of chemical feed caused immediate drop in con- 
ductivity of feedwater from about 8.0 to 3.5 micromhos, accom- 
panied by a drop in pH value of feedwater of about 0.3. On 
returning the deaerator to service shortly after 6:30 p-m., the 
abrupt delivery to the feed line of the chemical solution earlier 
accumulated in the deaerator brought a brief increase in feed- ~ 
water conductivity from a value of approximately 6 micromhos 
to somewhat over 20 micromhos, with an accompanying increase 
in feedwater pH value from about pH 7.8 to pH 8.25. The water 
first delivered to the feed system from the deaerator returned to 
service also contained sufficient dissolved oxygen to cause the 
high-pressure-boiler feedwater to register concentration in ex- 
cess of 3 ppm, and dissolved oxygen in considerable concentra- 
tion was not entirely out of the high-pressure-boiler-feed system | 
until more than 1 hour later. 

Apparently a part of the oxygen in the feed system was con- 
sumed in reaction with the hydrogen evolved in that system. 
The rate of hydrogen evolution in the boiler shows increase as 
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an effect of the sudden introduction of the chemical charge but 
the hydrogen in the feedwater fell appreciably. A correspond- 
ing effect on the hydrogen concentration in the boiler feedwater, 
but of lesser magnitude, is noticeable when the deaerator was 
taken out of service, although the recorded rise in dissolved- 
oxygen content at that time was exceedingly brief and reached a 
maximum of only about 2 ppm. It would seem likely that in 
this latter instance the effect on rate of hydrogen evolution re- 
corded for the feedwater system was due more to the marked de- 
crease in feedwater conductivity without great loss in pH value 
than to reaction of evolved hydrogen with oxygen. 

Value and Limitations of Hydrogen Recorder. It had of course 
been recognized that hydrogen evolved in the feedwater system 
or boiler might combine to some extent with oxygen where found 
dissolved in the water in contact with the metal surface. A con- 
tingency overlooked was that an oxide of copper might function 
in the system as a source of oxygen. The practical importance 
of chemical action of that sort was brought strongly to attention 
by the October 26, 1945, furnace-tube failures taking place with- 
out marked increase in recorded rate of hydrogen evolution in the 
boiler. 

One of the low-pressure-turbine stage heaters, temporarily 
operated as an evaporator condenser with feedwater entering at 
215-218 F and condensing vapor of about 16 psig pressure, corre- 
sponding to about 250 F, had been returned to this vapor-con- 
densing service October 10, in the midst of the season of maximum 
organic contamination of the evaporator water supply and imme- 
diately following installation of 468 new tubes of Admiralty alloy. 
Apparently the copper carried into the feedwater system in oxi- 
dized form from the corrosion of the new Admiralty alloy tubes 
was sufficient to cause practically complete disposal of the hy- 
drogen evolved from the overheating of the boiler tubes. Al- 
though the boiler had been in operation less than 6 weeks follow- 
ing an inspection when the drum had been cleaned, considerably 
in excess of the quantity of metallic sludge to be expected from 6 
months of operation was found to have accumulated in this brief 
period, and the sludge was approximately two-thirds copper, 
which is one and one-half times the maximum proportion of that 
metal previously found. 

A factor which will be recognized as commonly responsible for 
hydrogen concentrations out of step with temperature or other 
corrosive influences normally to be associated with concurrent 
operation is the abnormally high chemical activity of the metal 
surface following an acid-cleaning of the boiler. The rate of hy- 
drogen evolution which occurs during the first few weeks of opera- 
tion of an acid-clean@d boiler may be so high as to mask any in- 
crease in rate of hydrogen evolution which might result in the 
boiler from other than extreme contamination or actual over- 
heating. 

Notwithstanding such interfering factors as mentioned, hydro- 
gen evolution in a boiler gives the best known indication of corro- 
sion or solution of the boiler metal and the measurement of the 
rate of this evolution affords the only feasible basis for judging 
the extent of corrosion taking place while the boiler is in operation. 
Means for minimizing the effects of interfering factors are being 
studied. 


CONCLUSIONS 


It will be obvious from the experience in operation of boiler 6 
that on modern steam-generating equipment, instruments ap- 
propriate to the requirements, especially recording instruments, 
can be not merely informative but of tremendous instructive 
value and sources of heightened interest in operating personnel. 
The importance and the potentialities of such instruments doubt- 
less increase with the degree of operating efficiency which it is 
desired to maintain, and for a base-load unit of the capacity and 


type of boiler 6, become essential. To fulfill their potentialities, 
in fact to avoid real hazard from their presence, the instruments 
must be rugged by the station environment standard rather than 
by that of the laboratory and must be followed with definitely 
scheduled routine inspection, calibration, and maintenance of 
frequency and thoroughness that will assure precision of indica- 
tion within acceptable limits at all times. 

Comment on the importance of control-equipment mainte- 
nance is given earlier in the paper, and should not need repetition. 
High standard of upkeep in instruments is hardly less vital and, 
from the point of view of subsequent analysis of operating events, 
dependable instrument charts can contribute invaluably to the 
continuity of informative records. 
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Discussion 


W. W. Crerna.? The authors have gone to considerable pains 
to present complete descriptions and operating experiences of 
useful instrumentation and control equipment applied to the 
operation of a high-pressure high-capacity boiler. These de- 
scriptions and operating experiences cover not only completely 
automatically operating and control equipment, but also indi- 
cating and recording equipment to enable the operators to have 
constant knowledge of conditions, and thus provide for ready 
manual adjustments when the need is indicated. 

The authors refer to the log of operations maintained and 
hourly simple control tests conducted by the high-pressure- 
turbine operator, in connection with chemical feed, blowdown, 
etc., for the No. 6 boiler. It has been of particular interest and 
satisfaction to note that a few minutes spent each hour on these 
readings and control, plus the daily complete check and establish- 
ment of the expected chemical-feed requirements for the next 24 
hours by the chemical laboratory, have resulted in boiler-water 
conditions of unusual uniformity. Thisis of particular significance 
when one considers the fact that the Somerset Station is a tide- 
water plant, using salt water for condenser cooling. The sig- 
nificance of ‘‘close control” of boiler-water conditions at this plant 
will be particularly apparent by referring to the control ranges 
of various chemicals and salts maintained in the No. 6 boiler 
water, as given in another paper of this Montaup series by Scott 
and the writer.” 

In discussing both the value and limitation of the hydrogen 
recorder, the authors also point out that copper oxide in the water 


6 Hall Laboratories, Inc., Pittsburgh, Pa. 

7 “Water Conditioning for the 2000-Psi Boiler at the Somerset 
Station of Montaup Electric Company,’ by W. W. Cerna and 
R. K. Scott, published on pages 443-451 of this issue of the Trans- 
actions. 
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system might serve as a means of combining with hydrogen to 
prevent the indication of hydrogen formation. That this mecha- 
nism can and does occur has been confirmed by some laboratory 
work carried out by Messrs. Kaufman and Trautman of our re- 
search department. The tests were conducted in laboratory 
bombs. One test, using a synthetic but highly concentrated 
boiler water with considerable alkali present to insure the forma- 
tion of hydrogen at the test temperature, showed, as expected, 
considerable hydrogen formation. In another test synthetic 
boiler water of the same composition was used to which some solid 
copper oxide was added. The test conditions were repeated, with 
the result that very little free hydrogen was found and considera- 
ble of the copper oxide had been reduced to metallic copper. 

Under similar boiler conditions copper salts or compounds 
would be effective in preventing hydrogen indication and record- 
ing by the recording instrument, as illustrated by the following 
reactions: 


CuO + Hy — Cu + H.,0 
CuCl, + H, + 2KOH — 2Cu + 2KCl + 2H20 


R. R. Donaupson.2 Automatic combustion control, which 
started out as a convenient accessory for holding constant steam 
pressure, today has virtually the status.of an integral part of the 
boiler plant. It is depended upon to perform the twin functions 
of regulating the operation of the boiler so as to satisfy the load 
demands in a desired manner and of automatically maintaining 
optimum controlled fuel-air ratios. 

In accomplishing the latter function, that of production of 
proper fuel-air ratios, the ability to measure fuel input and air 
input is paramount in the present state of the art. It is fair to 
state that for the present, the production of desired fuel-air ratios 
by flow proportioning of fuel Btu and air represents the most 
advanced engineering solution. While someday we may reason- 
ably expect to have gas-analyzing apparatus which is rapid and 
dependable enough to be used for automatic control of combus- 
tion, we have not yet reached that point. 

The authors found that it was necessary to do considerable ex- 
perimental work on their boiler before a satisfactory location for 
measurement of products of combustion or air flow could be ob- 
tained. Their final use of the Ljungstrém preheater drop gave 
them a satisfactory solution for this installation. 

The difficulties encountered in measurement of air flow for 
boiler control are not unique with Montaup. There are many 
installations where perfection of results is limited chiefly by 
ability to measure air flow satisfactorily. 

Admittedly, the problem of metering the products of combus- 
tion or the air supply to a large steam-generating unit is far more 
difficult than the ordinary metering of fluid flows. If, however, 
in the inception of every new steam-generating installation, the 
purchaser and the manufacturer of the equipment would spotlight 
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this feature of the boiler design, theré is no doubt that better op- 
erating installations from the standpoint of maintained furnace 
efficiencies would result. 

The present paper will serve as a stimulus and spearhead to a 
concerted program for investigating and improving the meter- 
ing characteristics of modern steam-generating equipment. — 


AutTHoRS’ CLOSURE 


Mr. Cerna has contributed valuably in presenting results from 
bomb tests conducted by Hall Laboratories, Incorporated, in 
studying the possibilities of reduction of copper oxide in high- 
pressure boiler water by hydrogen evolved from the boiler metal. 
Through the courtesy of the Laboratories we learn that similar 
tests more recently conducted in continuing their investigation 
have demonstrated that, by increasing the proportion of copper ~ 
oxide added to the bomb solution, actual evolution of hydrogen 
may be practically prevented and that the same general effects 
are observed to occur in the bomb at the temperature with which 
we are concerned whether or not alkali other than from the boiler 
metal is present. 

Mr. Finnegan’s pressing emphasis? on the need for more funda- 
mental work on the pure chemistry of the water-metal systems, 
especially throughout the high-temperature range,’is very grati- 
fying. Lack of fundamental information on the reactions of both 
iron and copper in the range of temperature and other environ- 
mental conditions met in the feedwater-boiler water-steam cir- 
cuits of the high-pressure unit has been a serious handicap 
throughout the operation of boiler 6 to date. 

Mr. Donaldson underscores very aptly the present necessity 
for dependable, instantaneous, mechanical evaluation of com- 
bustion air-flow from the standpoint of the control-equipment 
designer and manufacturer. The authors concur fully that pro- 
visions for evaluation for air-flow rate should be made one of the 
elementary considerations in design of the modern fuel-burning 
steam-generating unit. F 

The improvement work on the flue-gas oxygen-recording equip- 
ment and on the boiler-feed-pump. flow recirculating valves, 
mentioned in the paper as to be undertaken, is going ahead prom- 
isingly but has not in either case progressed sufficiently to war- 
rant further comment now. The installation of the boiler-cir- 
culating-pump pressure differential recorder also is not yet com- 
plete. In regard to the last-mentioned equipment however, such 
brief preliminary observations as have been made have brought 
to attention valuable data on pressure conditions during periods 
of boiler start-up and shutdown which would not otherwise 
have been noted and present impressions arg that the information 
made available by the graphic record will prove even more useful 
than initially contemplated. 


8 “Special Studies of the Feedwater-Steam System of the 2000-Psi 
Boiler at Somerset Station of Montaup Electric Company,” by 
W. D. Bissell, B. J. Cross, and H. E. White. See discussion by 
T. J. Finnegan, pages 441 and 442 of this issue of Transactions. 


The Supply of Air to Coal-Fired 


Steam Locomotives 


By R. A. SHERMAN,? W. H. BROWNE,? ann R. B. ENGDAHL? 


As part of the program of research for Bituminous Coal 
Research, Inc., means by which the performance of coal- 
fired steam locomotives can be improved are being inves- 
tigated. Because of the importance of the method and of 
the rate of supply of air in any combustion process, an 
analysis has been made of the factors that govern the sup- 
ply of air to the locomotive by its unique method of dis- 
charge of the exhaust steam to the stack through the front- 
end nozzle. The analysis shows that for any given 
front-end arrangement and locomotive, there is a definite 
upper limit of output of the locomotive at which the 
weight of air supplied will equal that required for the fuel 
burned. A similar but lower limit applies on the basis of 
fuel fired. Below these limits the percentage of excess 
air will increase with decreasing output of the locomotive; 
above the limits there will be a deficiency of air. The 
position of the limits is determined by the performance 
characteristics of the engine, of the boiler, and of the 
front-end arrangement. A program of research is out- 
lined which is aimed to supply information (a) on the de- 
sign of front ends for maximum combustion efficiency 
through proper excess air and minimum carry-over of 
cinders, and for maximum power output through reduc- 
tion in back pressure on the cylinders, and (6) on the 
merits of overfire air in improving combustion efficiency 
through reduction in carry-over of cinders. 


HE method of supplying air to steam locomotives is unique. 

Whereas the stationary boiler plant has a high stack or, 

more commonly, fans to provide the pressure difference 
necessary to force the air through the fuel bed and the combus- 
tion gases over the heat-absorbing surfaces of the boiler, the steam 
locomotive has only a short stack that barely projects above the 
boiler shell. The pressure difference, usually called draft, is pro- 
vided by discharging the steam exhausted from the cylinders 
through a nozzle at the base of the stack. 

Furthermore, whereas the stationary boiler is equipped with 
dampers or other means by which the rate of air supply can be 
closely adjusted to the requirements of the foad or of the fuel, the 
locomotive has, practically without exception, no independent 
control of the air supply. As the output of the engine increases, 
the amount of steam admitted to and exhausted from the engine 
increases, and the rate of supply of air for combustion of the 
fuel increases. 

This simple method of supplying the air also serves to a con- 
siderable degree to decrease the objectionable noise of the ex- 
haust steam. It was for this purpose that Trevithick and Steph- 
enson, to whom first use of the method is variously credited, 
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originally turned the exhaust steam into the stack. However, 
although the steam must be exhausted from the engines, the 
movement of air in this way is, obviously, not without expenditure 
of energy. The increase in back pressure on the cylinders, necessi- 
tated by the restriction of the nozzle, materially decreases the 
horsepower output of the locomotive. 

This paper analyzes the available data on the performance of 
the air-supply system of locomotives to determine its relation 
to the efficiency of combustion and to that of the engine at various 
power outputs. The particular purpose is to determine what in- 
formation on the problem of air supply is lacking that might be 
obtained by research, that the performance of coal-fired locomo- 
tives may be improved. 


Previous Work 


Few parts of the locomotive lend themselves: to such ease of 
trials of changes as the exhaust nozzle and its arrangement with 
relation to the stack. Hence much cut-and-try work has gone 
on and has been reported in the literature. The International 
Railway Fuel Association and its successor, the Railway Fuel 
and Traveling Engineers Association, have long had a Standing 
Committee on Front Ends, Grates and Ash Pans, and the com- 
mittee has, with few exceptions, had an annual report. No at- 
tempt will be made here to review completely these many re- 
ports. 

One of the most thorough discussions of exhaust arrangements 
is that of Chapelon (1) in his book on the steam locomotive, 
but this has not been generally available in this country. Mac- 
Farland (2) presented a discussion principally directed to a dem- 
onstration of the power loss through high back pressures be- 
cause of restricted nozzles and made a plea for induced-draft 
fans. Jackson (3) recently gave a review of the problem of draft- 
ing locomotives with a discussion of the attempts at variable- 
exhaust nozzles. 

Young (4) has presented a complete analysis of the early work 
on the drafting problem as an introduction to the report of his 
exhaustive experimental investigation of the performance of 
various types of nozzles. His work was done on a one-fourth- 
scale model of a locomotive. 

Fry (25) has recently shown that the performance of the front 
end affects the efficiency of combustion and sets the maximum 
output of the locomotive. 


Mernops ror EyALuATION OF ExHausT ARRANGEMENTS 


Despite the long use of the steam nozzle to move air and gases 
in the locomotive and its extended use in other applications as the 
boiler-feedwater injector, the steam-jet ejector for air-condi- 
tioning systems, and the steam jet for blowing air in overfire-air 
applications, the action of the nozzle is not wholly understood. 
The ability of the jet to entrain and to move air is apparently 
a function not only of the kinetic energy of the steam, but is also 
related to the exposed surface of the steam. Because of the im- 
portance of the latter factor the steam is often divided into 
multiple streams as in the pepperbox nozzle, or the surface is in- 


3 Numbers in parentheses refer to the Bibliography at the end of 
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creased by a star-shaped section, or by bridges. It is interesting 
to note, however, that Young (4) found, as a result of his tests, 
a difference from the worst to the best no greater than 12 per 
cent in the performance of various nozzles as expressed by the 
ratio of the weight of air moved to the weight of stéam exhausted 
through the nozzle. 

Because of the obvious necessity of high differences of pressure, 
or draft to move the gases through the restricted area of the long 
fire tubes of the locomotive boiler, and also the obvious unde- 
sirability of high back pressures on the engine cylinders, the 
number of inches of water draft in the front end per pound of 
back pressure has long been used as the criterion of the perform- 
ance of front-end arrangements. Although this may apply for 
a given locomotive of fixed resistance to flow, an attempt to ap- 
ply such a criterion to locomotives of different design and size is 
obviously in error. It is as incorrect as it would be to rate the 
capacity of fans by the static pressure that they develop, or to 
express the capacity of boilers by the pressure at which they oper- 
ate. 

Young (4, 5) clearly recognized that the value of a front-end 
arrangement should be measured by its ability to move air; 
this could not be measured by draft alone. In a discussion (6) of 
the paper by Jackson, he has made a good statement of the prob- 
lem as follows: 

“The actual problem of front-end design is to produce an ar- 
rangement which will pull an optimum weight of air through the 
fire for each pound of steam generated and discharged, maintain- 
ing at the same time, three mechanical conditions: 1 Minimum 
back pressure, 2 clearing the smokebox, and 3 lifting the 
smoke above the train. The greatest difficulties lie in the mutual 
incompatibility of these mechanical requirements.” 


Factors AFFECTING THE PERFORMANCE OF FRONT ENDS 


Engdahl and Holton (7) in an investigation of steam-air jets 
for supplying overfire air have shown that with air tubes whose 
area is large relative to the area of the steam nozzle, ratios of 
the order of 200 to 500, as much as 15 to 20 lb of air could be 
moved per lb of steam used. They found, as others have shown, 
that the entrainment ratio increases as the steam pressure de- 
creases and as the ratio of the area of the air tube to that of the 
steam nozzle increases. As they were interested in the jets as 
blowers to move air at high velocities against small differences 
in pressure, they did not investigate the effect of resistance to 
flow, but this should, obviously, affect the performance of jets. 
The temperature of the gases moved should also be important. 

Effect of Steam Pressure at Nozzle. As the output of a locomo- 
tive increases, the weight of steam used and exhausted from the 
cylinders through the nozzle increases. The back pressure at 
the nozzle increases approximately as the square of the weight of 
steam discharged. Hence the range of back pressures at the 
nozzle is large. 

Fig. 1 shows the variation of the entrainment ratio, the ratio 
of weight of gases to weight of steam, with back pressure for a 
typical locomotive. As expected, the air-steam ratio decreases 
with increase in back pressure. The ratio is much lower than 
those quoted from the work of Engdah] and Holton (7) on over- 
fire-air jets because, as will be shown later, of the difference in 
area ratios of stack to nozzle, and because of the resistance to the 
flow of gases. 

Effect of Ratio of Areas of Stack and Nozzle. As previously 
noted, almost every steam locomotive has been the subject of 
experiments on the exhaust nozzle and front-end arrangements 
and thus has had the ratio of the area of the stack to the nozzle 
changed. In these experiments, however, facilities have not 
been available to measure the air flow as well as the steam flow. 
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For data on the effect of this variable the work of Young (4) is 
used. 

Fig. 2 shows the relation derived from Young’s data of the en- 
trainment ratio to the ratio of areas of stack and nozzle. As his 
data were obtained on a quarter-scale model, the original data 
have been corrected by the factors that he derived from principles 
of similarity. The pressures and dimensions are multiplied by 4, 
the reciprocal of the scale of the model, and weights of air and 
steam by 45/2 or 32. 

The curves show the increase of the entrainment ratio as the 
ratio of the area of stack to that of the nozzle increases. Curves 
for two steam pressures, 8 and 32 psig, are included. Again, the 
reduction of the entrainment ratio with increase in pressure is 
shown. 

Effect of Resistance Against Which Gas Is Moved. A third fac- 
tor which governs the performance of a locomotive front end is 
the resistance against which the gases must be moved. The re- 
sistance is determined by the path of the gases in the front end, 
the area and length of the tubes and flues of the boiler, the area 
of the throat back of the arch, the thickness of the fuel bed, the 
area of the air openings in the grate, and of the air openings into 
the ashpan. 
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The data in Fig. 2, as were most of the data presented by Young 
(4, 5), were taken with a fixed resistance made up of that of the 
locomotive model and an orifice of fixed area. The resistance was 
so chosen by Young as to simulate that of a full-scale locomotive. 

Fig. 3 presents data obtained by Young in a series of tests in 
which the area of the orifice in the system was changed to vary 
the resistance. The solid portion of the curves covers the range 
of data given by Young; the dashed portion was drawn from 
data taken at Battelle on a 4/,»-scale model. Each curve repre- 
sents one constant steam pressure on the nozzle. 
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The curves in Fig. 3 show the way in which the rate of air flow 
decreases as the resistance, as indicated by the draft, increases. 
This figure demonstrates clearly the inadequacy of the draft as a 
criterion of the performance of front ends. By increase of resist- 
ance the draft obtained with a given nozzle and steam pressure 
can be increased, but the air supplied, which is the true meas- 
ure of the performance, decreases. 

Concept of Resistance to Gas Flow. In consideration of the 
flow of electricity, we have a concept of three definite measures; 
current, voltage, and resistance, and the familiar relation that 
Vorpes Se 


Current = : 
Resistance 


In the flow of fluids we have, corresponding to current, the 
volume or weight of the fluid, and to voltage, the pressure drop, 
but no term for resistance is in common use. As a result the 
pressure against which the pump, fan, or ejector moves the fluid is 
often used as a measure of the resistance. In locomotives the 
pressure is less than atmospheric and is termed draft. 

Unfortunately, also, the term draft is often confusedly used 
not only as a measure of pressure drop and resistance, but also of 
rate of flow of gas as well; that is, a high draft is often assumed 
to be synonymous with a high rate of flow of gas. As just shown in 
Fig. 3, this is far from necessarily true. ; 

The general relation of the rate of flow of gases to the pressure 
difference in turbulent flow is 


Wa=K /d 
where 


Wa = rate of flow in pounds per hour 
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K = a constant coefficient involving a number of physical 
factors in the system of flow ; 

d =pressure difference or draft in inches of water 


Legein (8) introduced the conception of a factor of tempera- 
ment, 7’, in his studies of locomotive drafting, and Chapelon (1) 
and Young (5) have also used it, but otherwise it has not been 
used in this country. The temperament is equivalent to the 
constant coefficient K in the foregoing equation. Thus we have 


Wa =T V, d 

Wa 

Via 

Compared with the flow of electricity, the temperament 7’ corre- 
sponds to the conductivity. 


The reciprocal of the conductivity can, however, be as conven- 
iently used, and we have 
Vd 


T= 


Ww 
 aplale 
UE: 

Wa 


This expression considers both the pressure difference or draft 
and the rate of flow of gas and thus permits proper comparison of 
different locomotives or parts of the gas-flow system of a given 
locomotive. 

Fig. 4 presents Young’s data used for Fig. 3 in which the ratios 
of weights of air and steam are plotted against the resistances 
to flow. The curves show a sharp decrease in the entrainment 
ratio with an increase in the resistance. The curves emphasize 
again the impossibility of accurate comparison of the perform- 
ance of front ends of locomotives without consideration of the 
resistance of the gas-flow system. 


ENTRAINMENT RATIO 


RESISTANCE, R=Vd x 10” 
Wa 


Fie. 4 Revarion or ENTRAINMENT Ratio TO RESISTANCE TO AIR 
FLow 

(Ratio of area of stack to area of nozzle, 11.1. 

corrected for size ratio.) 


Data from Young (4) 

Effect of Temperature of Gas. The data of Young that have 
been used are for the movement of air at atmospheric tempera- 
tures, for which most of his tests were run. He did, however, 
investigate the effect of temperature, and Fig. 5 shows the rela- 
tion that he found. The reduction in the entrainment ratio was as 
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great as 25 per cent for gas at 600 F as compared to gas at room 
temperature. 

The percentage reduction in entrainment ratio by increase in 
the flue-gas temperature increased as the rate of flow of gases in- 
creased. Hence it may be concluded that the effect of tempera- 
ture in full-scale locomotives would probably be greater than 
found by Young. His model did not include a boiler, although 
it did have flues, and thus the temperature gradient in the gases 
was obviously lower than in a locomotive. 

Summary of Factors Affecting Front-End Performance. The 
data that have been presented show that all four factors, steam 
pressure, ratio of area of stack to nozzle, resistance of the gas- 
flow system, and the flue-gas temperature are of major impor- 
tance in determining the performance of the locomotive front end. 
Other factors, as the distance between the nozzle and base of 
stack, and length and taper of stack, also affect the performance 
but are of less importance. The data also show that it should be 
possible to predict the performance of a front end and to eliminate 
the cut-and-try methods that have been so largely used. 

That Young’s data are applicable to full-scale locomotives may 
not be apparent at once. Fig. 1 showed entrainment ratios of the 
order of 1.25 to 2, while the figures prepared from the model tests 
showed entrainment ratios of the order of 2 to 3. However, we 
note in Fig. 2 that the entrainment ratio for a steam pressure of 
32 psig and astack- to nozzle-area ratio of 6.2, which is that of the 
locomotive in Fig. 1, is slightly less than 2. If we apply that point 
to Fig. 4 at the resistance ratio of about 3 X 1075, the resistance 
for the locomotive of Fig. 1, an entrainment ratio of the order of 
1.5, or within the range of Fig. 1 will result, even without correc- 
tion for temperature. 

Hence Young’s data provide an excellent basis for the develop- 
ment of basic design data for front ends. They require supple- 
mentary and confirming tests on full-scale locomotives where 
care is taken to obtain accurately the weight of gases moved. 
More data are also required on the resistance of the gas-flow 
system in locomotives. This, again, requires accurate informa- 
tion on the weight of gas moved. 


RELATION OF FRONT-END PERFORMANCE TO AIR-FUEL Ratio 


Now that we have established the general effect of the several 
pertinent factors on the amount of gas moved by the front end, let 
us examine how it satisfies the air requirements of a locomotive 
at various power outputs. 

Fig. 6 presents six plots that develop the relation for a typical 
locomotive between the requirements and the supply of air. 
Plot (A) shows the relation between the hourly steam output of 
the boiler and the locomotive output in drawbar horsepower. 
This is a straight-line relation because the cylinder efficiency 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1946 


and the mechanical efficiency were practically constant over the 
range of outputs. 

Plot (B) shows the relation between the heat-liberation require- 
ments expressed in pounds of coal per hour and the steam output. 
This is essentially a straight line as the efficiency of heat absorp- 
tion is practically constant. Note that this is the heat liberated 
from the coal burned and not the coal fired. As is well known 
and as will be discussed later, there is a large loss of heating 
value of the coal fired at high rates because of the solid combusti- 
ble matter that passes out of the firebox unburned. Com- 
bustible matter that does not burn does not use air and is thus 
not here considered. 

Plot (C) shows the relation of the weight of air required per 
hour to the coal burned. As a definite weight of air is required 
per pound of coal, this relation, too, is obviously a straight line. 
Plot (D) shows the relation between the entrainment ratio, 
weight of air per pound of steam, and the output of steam. Be- 
cause the back pressure on the cylinders increases as the rate of 
steam output increases, and because the entrainment ratio de- 
creases with increase of pressure, we have the relation shown. 

Plot (E) shows the relation of the air requirements and the air 
supplied to the drawbar-horsepower output of the. locomotive. 
Combining relations shown in plots (A), (B),.and (C) gives us the 
curve of air required, which is a straight line. Combining (A), 
(B), and (D) gives us the curve of air supplied. The nozzle in 
this particular locomotive gave such entrainment ratios that the 
rate of air supply first increased at a faster rate than the rate of 
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air requirements but, because of the decrease of the entrainment 
rate with increase in back pressure, the rate of increase dropped 
off at high power outputs. 

Combustion of any fuel requires a certain amount of excess 
air, either to avoid losses in unburned gaseous combustible matter, 
or to avoid excessively high temperatures. This excess, for good 
efficiency in heat transfer, should be at a minimum. Whether 
the excess should be constant over the range of rates of operation, 
or whether it should increase or decrease with the rate cannot be 
definitely and generally answered; it depends upon the design 
of the combustion device. 

However, it can be stated with assurance that the amount of 
air supplied should never be less than required. If it were, al- 
though by firing more fuel, the output of the boiler and engine 
would continue to increase, the unburned combustible losses would 
become excessive, and the over-all efficiency would be low. 

Plot (F) in Fig. 6 shows the relation of the excess air as calcu- 
lated from the curves of air required and air supplied in plot (E). 
It can be seen that the percentage excess was rapidly decreasing; 
if the locomotive had been carried to higher outputs there would 
have been an actual deficiency of air. 

If the front end of the locomotive had been so designed as to 
follow exactly the air requirements at low outputs the drooping 
characteristics of the air-supplied curve would have resulted in a 
deficiency of air at a much lower power output. 

The dashed curve in plot (E) shows the correct characteristic 
for a constant excess of 20 per cent for this locomotive. 

Calculations of Conditions for Equilibrium of Requirements and 
Supply of Air. The relations established by curves as in Fig. 6 
can also be worked out by simple mathematical relations. The 
following expressions give the relations between the weights of 
air supplied and required: 


Locomotive Bowler 
Performance || Performance 


Lb airreq’d _ Lb steam Lb coal Lb air req’d (1) 
Dhp Men Dhp Lb steam Lb coal 
_ | Locomotive Nozzle 
Performance || Performance 
Lb air supplied _ Lb steam o Lb air entrained (2) 
Dhp ~ -Dhp Lb steam = 
But in Equation [1] 
Btu 
Lb coal _ Lb steam 
Lb steam _ Btu absorbed Btu 
Btu liberated = Lb coal 
Doesnt Btu liberated _, Lb coal [3] 
~ Lb steam ~~ Btu absorbed Biugsh aba utes 
and 
Lb air req’d _ Lb air req’d Btu 
Lbcoal  —— Btu Lb coal 


It is well established, although not so widely recognized as it 
should be, that the weight of air required per Btu is practically 
constant for solid, liquid, and most gaseous fuels. The value is 
7.56 lb of air per 10,000 Btu or 7.56 X 10-4 per Btu. Hence we 
have 


Lb air req’d Btu 
OO OR 
Lb coal vio focal 
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Substituting values in Equations [3] and [4] in [1], 
Lb air req’d Lbsteam Btu Btu liberated 
Dhp Seip Lbsteam Btu absorbed 
Lb coal Uy FOYLE DEG, Btu 
Btu Lb coal 
which becomes 
Lbairreq’d Lbsteam Btu Btu liberated 
Dhp ~ Joya Lb steam ~— Btu absorbed 
Ke DO el ON eee {5} 


The factor of calorific value of the coal cancels out and the 
weight of air per drawbar horsepower is dependent only on the 
efficiency of the locomotive in the use of steam, the enthalpy of 
the steam, and the absorption efficiency of the boiler, and is inde- 
pendent of the calorific value of the coal. 

This proves that if the not infrequent statement that a loco- 
motive was correctly drafted for one coal, but not for another, is 
correct, it is not so because of differing air requirements based 
upon calorific value.. It may, however, have a basis in the fact 
that one coal may require a higher excess of air, either to avoid 
losses in unburned gaseous combustible, or to avoid clinkering 
and slagging difficulties because of the fusion characteristics of its 
ash. 

Returning to Equations [2] and [5] for the air supplied and 
required, it can be seen that in equating them the factor of loco- 
motive performance is eliminated and we have 


Lb air entrained “7 Btu Btu liberated 
Lb steam ~ Lb steam Btu absorbed 
KHiRDO lL Omas creo {6} 


Using Equation [6], we can calculate the entrainment ratio 
we must have under given conditions. For example, if the Btu 
per pound of steam, its enthalpy, is 1300, and if the boiler absorp- 
tion efficiency is 80 per cent 


Lb air entrained 


100 
= 1300 sss 7.56 10-4 
Lb steam a 80 “ a 


= 1.23 


The entrainment ratio of the front end must be 1.23 if the theo- 
retical air requirements of the coal burned are to be met. If an 
excess of 20 per cent is required, the entrainment ratio must be 
1.20 X 1.23 = 1.48. 

Thus as has also been shown by Fry (25) the calculation of the 
required entrainment ratio for the front end reduces to an ex- 
tremely simple basis. If we knew accurately the values of the 
several variables that fix the entrainment ratio, the design of a 
front end could be reduced to an exact engineering operation. 

Relation of Excess Air to Power Output. Relations similar to 
those in Fig. 6 have been worked out for several locomotives 
from data from testing plant tests of the Pennsylvania Railroad 
and the University of Illinois. They all show similar relations to 
those presented and it is needless to burden this report with 
them. 

The percentage excess air can, of course, be calculated from 
the composition of the flue gases and it is usually a standard 
item in the report of a locomotive test. The excess air calculated 
from the flue-gas composition gives, it must be recalled, the ex- 
cess on the basis of the fuel burned and not on the basis of the 
fuel fired. Hence the values obtained are comparable with those 


presented in Fig. 6. 


Fig. 7 presents the relation of the percentage excess air to the 
output for four locomotives: a Mikado 2-8-2 tested at the Uni- 
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versity of Illinois (9); a K-4-S No. 1737 (10); an I-1-S No. 4358 
(11); and a K-4-S No. 5399 (12); all tested at the Altoona testing 
plant of the Pennsylvania Railroad. 

The four curves have the same characteristic shape. Two of 
them reached zero excess air, and one Showed an actual deficiency, 
at the maximum output at which they were tested. 

Relation of Air Supplied by Front End to Air Required for Coal 
Fired. The calculations and considerations up to this point 
have been on the basis of the coal burned or heat liberated. It is 
more customary, however, in locomotive practice, to consider 
the over-all performance on the basis of the coal fired to the grate. 

Fig. 8 shows on this basis the relation of the air required and 
supplied for the same locomotive used as an example in Fig. 6. 
The method of development was the same as for the former figure, 
but only the curves for the air required, and the air supplied, and 
the curve of percentage excess air are shown in plots (A) and (B), 
respectively. 

Above an output of 2200 drawbar horsepower (dhp), the 
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amount of air supplied by the front end was less than that re- 
quired for the coal fired, and the deficiency amounted to 30 per 
cent at an output of 3500 dhp. On the basis of the heat liberated 
from the coal burned, plot (F) in Fig. 6 showed that there was 
still an excess of 28 per cent at that power output. 

Fig. 8 shows that at an output of 3500 dhp the air required 
for the coal fired was 142,000 lb per hr. At this output, as shown 
in Fig. 6, the steam generated and exhausted through the nozzle 
was 65,000 lb per hr. For the front end to have supplied the air 
required, each pound of steam would have had to have entrained 
2.18 lb of air. Actually, the entrainment ratio at this output 
was 1.50. 

The data on locomotive performance which have been exam- 
ined in this study have shown no front ends that had entrain- 
ment ratios of over 2 at high outputs, although conceivably, one 
might be designed for such performance. 

If, however, the front end did supply enough air for the coal 
fired at an output of 3200 dhp and if, as it must, the performance 
curve was the same as shown in Fig. 8, plot (A), then it is obvious 
that the percentage excess air at all lower outputs would have 
been very great. 

General Law of Front-End Performance. From. the foregoing 
considerations one can draw the following generalization or law 
on the performance of front ends relative to their function of mov- 
ing the air and combustion gases: 

For any given front-end arrangement and locomotive there is 
a definite upper limit of output of the locomotive at which the 
weight of air supplied will equal that required for the fuel burned. 
A similar but lower limit applies on the basis of fuel fired. Below 
these limits the percentage of excess air will increase with de- 
creasing output of the locomotive; above the limits there will be 
a deficiency of air. The position of the limits is determined by 
the performance characteristics of the engine, of the boiler, and 
of the front-end arrangements. 

To use terms common in locomotive practice, this law means 
that if a locomotive is correctly drafted at a given output it will 
be overdrafted at all lower outputs and underdrafted at higher 
outputs. It does not follow, necessarily, that all locomotives are 
correctly drafted at the maximum output at which they are de- 
signed to operate. They may be either underdrafted or over- 
drafted at that point, but it follows that the trend will be toward 
overdrafting at lower rates and underdrafting at higher rates. 
The possibility of manual or automatic controls to maintain a 
constant excess of air will be discussed later. 


RELATION OF PERFORMANCE OF Front END To Loss or HEAT IN 
CINDERS 

Fig. 9 shows the relation of the percentage heat loss in cinders, 
together with that of the excess air, on the basis of the coal fired 
as in plot (B) Fig. 8, to the power output of a locomotive. The 
rather rapid rise of the loss in cinders at the power outputs in 
which the air supplied drops below the air required would seem 
to indicate that the cause of the rise in cinder loss might be the 
deficiency of air. 

This can best be analyzed, perhaps, by comparison of the cin- 
der loss in locomotives where the rate of air supply is a variable, 
dependent upon the rate of steam generation, and in stationary 
boilers where the rate of air supply is a variable, independent of 
the rate of steaming or rate of firing, and is controlled by dampers 
or fans. 

Fig. 10 shows a comparison of the relation of the cinder loss to 
the rate of firing in pounds of coal per square foot for a locomotive 
fired by a stoker, and for a stationary boiler fired by underfeed _ 
stokers. Data on a stationary boiler fired by spreader stokers 
would have been preferred, but they were not found. The loco- 
motive data are from the tests by Collins (13) of a J-1-b; the 
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stationary-boiler data are those given by Driscoll and Sperr (14). 

Two facts stand out in these data, as follows: (a) At low rates 
of firing of the locomotive when there is an ample excess of air, 
the cinder loss is higher than for the stationary boiler; (6) at a 
rate of approximately 75 lb of coal per sq ft per hr, the loss of 
cinders from the stationary boiler equals that of the locomotive 
and the direction of the curve is steeply upward. 
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As there was no question of deficiency of air supply in the sta- 
tionary boiler, the conclusion to be drawn is that the deficiency 
in air supply, on the basis of the coal fired, is not the major cause 
of the high cinder loss at high rates of firing in the locomotive. 
Rather, the high cinder loss is the result of the high carrying 
power of the gases for solids at the high velocity with which they 
move through the combustion chamber at high rates of operation. 
Coal is both carried out of the bed and is swept out of the stream 
of coal being fired before it reaches the fuel bed. 

The probability is that the loss might be somewhat lower if 
an excess of air were present because the rate of burning in sus- 
pension is affected by the amount of oxygen present in the gas. 
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But because the time is so short only the smaller particles would 
have an opportunity to burn. 


Errect oF Back PRESSURE ON PowmR OvuTPUT 


As mentioned in the introduction of the paper, the back pres- 
sure on the cylinders which is required to discharge the steam 
through the nozzle, both increases the amount of steam required 
for a given output and reduces the maximum power developed. 
This has always been well recognized, and MacFarland (2) pre- 
sented extensive data on the back-pressure power loss as calcu- 
lated from indicator diagrams. Hence but one example will be 
required to demonstrate the magnitude of the loss of power. 

Fig. 11 shows the relation of the horsepower loss by back pres- 
sure for locomotive No. 4358 of Class I-1-S (11) to the output. 
The back-pressure horsepower was calculated as the difference 
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in the horsepower actually developed and that which would 
have been developed if the steam had been expanded to one 
tenth of the gage back pressure. Although this degree of re- 
duction in pressure was arbitrarily selected, it is satisfactory to 
illustrate the order of the power loss. 

The loss in power increases rapidly with the increase in the 
net power output and amounts to about 1200 hp or one third of 
the net maximum output of the locomotive. The desirability 
of reduction of this loss is obvious. 

Fig. 12 presents one further demonstration of the gain in power 
output by decrease in back pressure. This shows, for the same 
locomotive as Fig. 11, the gain in output for the same steam con- 
sumption by reduction in the back pressure at an output of 2930 
dhp, and a back pressure of 14 psig. The gain is slightly more 
than directly proportional to the reduction in pressure, but for 
this locomotive each 1-lb reduction means a gain of approxi- 
mately 60 dhp. 


Erricigncy oF Front End 


Fig. 13 shows the power required to supply the air and move 
the combustion gases through the boiler for the same locomotive 
used in the example, Fig. 11. The air horsepower was calculated 
in the usual manner from the rate of flow of the gases, with correc- 
tion for temperature, and the pressure against which the gases 
were moved. 

Also shown in Fig. 13 is the ratio of the power required to 
move the gases to the power lost by the back pressure. Above an 
output of 1000 dhp the ratio is about constant at 1/1, that is, 
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the efficiency of the front end, by this method of calculation, is 
10 to 20 per cent. 

Young (4) has shown that on the basis of the kinetic energies 
in the gases and in the steam at the nozzle, the efficiency of the 
front end is of the order of 5 per cent, but it is considered that 
the foregoing calculation is of greater significance. 


POSSIBILITIES OF IMPROVEMENT IN DESIGN AND PERFORMANCE 
or Locomotive Arir-SupPLy SysTEMS 


The lines along which efforts to improve the combustion efhi- 
ciency and over-all performance of the coal-fired locomotive 
should proceed become clear from the analysis that has been 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1946 


presented. They are as follows: (a) To control the drafting ap- 
pliance that the percentage excess of air for the coal burned will 
be essentially constant at all rates of operation; and (b) to move 
the air and combustion gases with the minimum back pressure 
on the cylinders. 

With these objectives in mind we shall review the various 
methods of improvement that have been tried in the past. These 
include the following: (a) Change in area or shape of the nozzle; 
(b) change in area of stack; (c) change in resistance to air flow; 
(d) manually and automatically variable nozzles; and (e) induced- 
and forced-draft fans. 

Change in Area and Shape of Nozzle. Probably the most com- 
mon method of changing the locomotive to improve its “drafting” 
is to change the diameter of the nozzle or to change to one of 
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special shape. If the engine does not ‘‘steam” properly the usual 
step is to insert a small nozzle. If it seems wasteful of fuel or 
emits excessive cinders, a larger nozzle is put in. 

Fig. 14 presents curves from Young’s work (4) which permit 
an analysis of what happens when the size of the nozzle is changed. 
The relations between the steam pressure on the nozzle and the 
rate of steam and of air flow are plotted on logarithmic paper on 
which they assume straight lines. 

Let us assume first that the locomotive has a 7-in-diam 
nozzle and is found not to steam properly. A 6-in. nozzle is 
installed. The dashed lines indicate, as an example, that when the 
pressure at the nozzle was 7.6 psi, the rate of flow of steam was 
40,000 lb per hr, and the rate of flow of air was 105,000 lb per hr. 
If the flow of steam remains the same, the back pressure with the 
6-in. nozzle will be 14 psi; the air flow will be 109,000 lb per hr. 
The increase is only 4 per cent and is caused, it is to be noted, not 
because of the increased steam pressure, as we have seen that this 
decreases the entrainment ratio; instead, it is because of the in- 
crease in the ratio of area of stack to nozzle because of decrease 
in the area of the latter. 

Actually, to maintain the same power output from the locomo- 
tive with the smaller nozzle would necessitate an increase in 
steam flow because of the increased loss in power by increase 
in back pressure. The cutoff would have to be increased, the rate 
of flow of steam and the back pressure would increase, and the. 
flow of air would increase. A greater net output will be obtained 
from the engine but at a lower engine efficiency. 

Conversely, it can be seen that if a change was made from a 6- 
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in. to a 7-in. nozzle, the cutoff could be decreased to obtain the 
same output and the steam flow and air flow would decrease 
more than shown by the dashed lines. 

The size of the nozzle must be of course that which will give 
the design output of the locomotive, but data should be made 
available which would make unnecessary a trial-and-error method 
to establish the correct size. As for special designs and shapes, 
some have merit, but Young’s findings have already been recalled; 
namely, that among all that he tried the best was only 12 per 
cent better than the poorest. 

Although the size of the nozzle may be varied, we have seen 
that the laws of flow are such that the percentage excess air sup- 
plied will decrease with increase in rate of output of the locomo- 
tive, and a fixed nozzle cannot change this fundamental relation. 

Change of Area of Stack. The dimensions of the stack of a lo- 
comotive once built are not susceptible of simple change and less 
experimenting has been done with the stack. 

For maximum performance of any given combination of stack 
and nozzle, the distance from the nozzle to the top of the 
stack must be such that the steam will fill or “‘seal’”’ the stack. Be- 
cause the height of the stack is limited by the clearances of the 
right of way, there is a limit to the stack diameter that can be 
used. 

Furthermore, as the stack diameter is increased, the velocity of 
discharge of the gases is decreased and trailing smoke that ob- 
scures vision may result. European locomotives have often used 
“wings” to lift the gases above the train. They have also been 
used to some extent in this country. 

Change of Resistance to Air Flow. The analysis in the earlier 
part of the paper showed that the resistance against which the 
air and gases are moved is one of the principal factors that deter- 
mine the entrainment ratio of an exhaust nozzle. The expression 
for resistance 


was suggested. ’ 

Table 1 gives some of the data on five locomotives, the average 
over-all resistance calculated from the draft in the front end, the 
resistance of the tubes from the pressure drop across them, and 
the ratio of the two resistances. 

Resistance values from individual tests of each locomotive 
showed no general trend with locomotive output but were, with 
few exceptions, nearly constant at the average value shown. 
When it is seen that the resistance of the tubes is 67 to 75 per 
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the square root of the sum of the squares of the resistances of the 
separate parts. . 

Resistance of Diaphragm and Tubes. The two largest single 
resistances in the system are those of the diaphragm and tubes. 
They are, respectively, 59 and 51 per cent of the over-all resist- 
ance or together 


100 \/ 2.32 + 2.02 
3.9 


Hence it would seem that here lies the greatest opportunity for 
reduction in the resistance and thus the improvement in the 
performance of the exhaust system. 

The function of the diaphragm is to break up and extinguish 
cinders that they may be discharged freely and harmlessly from 
the stack. Many variations, such as so-called cyclone front ends, 
have been tried. A review of all suggested designs and an ex- 
perimental program on new designs would now be in order. 

The resistance of the tubes is high because of the high velocity 
with which the gases are passed through them. This high ve- 
locity results in excellent heat transfer but, as previously pointed 
out, at the expense of a loss of efficiency of the engine because of 
the high back pressure. 

The over-all efficiency of the locomotive in its use of the heat 
liberated from the coal is the product of the efficiency of the en- 
gine and that of the boiler. As the efficiency of the engine de- 
creases and that of the boiler increases, as the area of the tubes is 
decreased or their length is increased, there is a value for area and 
length at which the over-all efficiency is at an optimum. 

An analysis to establish whether the values now used in loco- 
motive design are the optimum should be made. If not, experi- 
mental research to establish the optimum should be carried out. 

Resistance of the Arch. The resistance to the flow of gases back- 
ward to the throat of the arch and then by a hairpin turn forward 
is an important part of the resistance, but the gain in combustion 
efficiency by this turbulence and in absorption efficiency by the 
surface of the tubes is large and cannot be sacrificed. It is pos- 
sible, however, that in the locomotive used as an example, and 
others, the throat is too small and should be increased. 

Resistance of Fuel Bed and Grate. What part of the resistance 
of the fuel bed and grate is caused by the fuel bed and what by 
the grate separately is not known. They must be considered to- 
gether. The total is the smallest of the four resistances so far 
considered. Even if the resistance could be removed entirely, 
the flow through the system would not be greatly increased. 

For example, the over-all pressure drop would be reduced from 


= 78 per cent of the total 


TABLE 1 AVERAGE RESISTANCE TO FLOW OF GAS FOR FIVE LOCOMOTIVES 
: Grate 

eae Ratio, ; Ratio, 

Max ings, Areas, sq in. (Area of stack) Resistance R(tubes) 

Locomotive dhp percent Nozzle Stack (Area of nozzle) Total Tubes R (total) 
I-1-S  4358(11) 3334 32 35.9 314 8.8 5.0 3.7 0.74 
H-8-SB 387(15) 1588 27 30.9 227 7.3 =f 4.3 0.75 
Mikado 1742 (9) 1833 37 28.3 265 9.4 4.5 3.1 0.69 
K-4-S _1737(10) 2876 28 38.2 214 5.6 5.2 3.5 0.67 
K-4-S 5399(12) 3934 15 51,2 310 6.1 4.0 2.7 0.68 


cent as large as the total resistance, it is not surprising that the 
over-all resistance should not change with a change in the thick- 
ness of the fuel bed or other variables in the course of tests at 
various rates of output. 

Table 2 gives the pressure drop across various parts of the air- 
and gas-flow system of a locomotive, the resistance of each sec- 
tion, and the ratio of each to the over-all resistance. 

The last column of Table 2 gives the ratio of the resistance of 
each of the several parts of the system to the over-all resistance. 
It must be remembered that the sum of the resistances is not 
equal to the total resistance; instead, the total resistance equals 


TABLE 2 DRAFT, PRESSURE DROPS, AND RESISTANCE TO 
GAS FLOW IN LOCOMOTIVE? 


Pressure ihe Ratio to 
Draft, drop, vd x 105 over-all 
Position in. water in. water Wa resistance 
Fronviend.: 6 eels sige 20.1 nie 3.9 1.00 
Across diaphragm....... ea 6.9 2.3 0.59 
Back of diaphragm...... 13.2 me Seah on 
Alcrogs tubesiniirance. > cer ee 5.3 2.0 0.5% 
Atifluessheet; 3. /o-0<..5)4- 7.9 he Aor a 
Across arch..... a 4.2 1.8 0.46 
Firebox: =.25 6... 3.7 rio ee - 
Across fuel bed. Ais 3.0 1.5 0.38 
Ashpan:. o.+.% 5+ ie 0.7 Nise fee ae 
To atmosphere.......... es Ong 0.7 0.18 
® Drawhar horsepower = 3839. Air flow = 114,600 lb per hr. 
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20.1 to 17.1 in. and the resistance would be as 20.1 to 17.1 or as 
4.5 to 4.1. The rate of flow for a given draft varies inversely 
as the resistances. Hence for the same draft in the front end the 


rate of flow without the resistance of the fuel bed and grates 
5 


4.5 
would be ana 110 or 10 per cent greater. 


This shows that the effect of reductions in the percentage air 
openings in the grates, which is often now as low as 7 to 10 per 
cent compared to 40 to 50 in earlier locomotives, is not that of so 
increasing the resistance that the ratio of air to fuel] is decreased. 
Instead, the advantage of reduced air openings is that they im- 
prove the distribution of the air over the grate and prevent the 
passage of a large amount of air through a hole that may occur in 
the fuel bed. 

Resistance of Ashpan. The resistance offered to the flow of 
air by the inlets to the ashpan is much the smallest of the several 
resistances, but the fact that there should be any resistance, as evi- 
denced by a draft in the ashpan, has often been questioned by 
engineers. 

Even if it were removed, the change in the over-all resistance 
would be small, of the order of 


V1 0.7 $44 
4/20.1 4.5 


that is, a 2 per cent decrease. This is small but a reduction would 
undoubtedly be desirable. The seemingly prevalent rule that the 
area of the inlets to the ashpan should be 15 per cent of the area 
of the grate may well be questioned. 

Manually and Automatically Controlled Front Ends. Many 
suggestions have been made of variable nozzles, some controlled 
manually from the cab and some automatically. The history of 
the manually controlled nozzles has been that they were difficult 
to maintain in working order at the temperatures of the front end 
or that they were closed to their minimum at all times. Their ac- 
ceptance in this country has not been great. 

Lewis Nozzle. Of the several automatically controlled nozzles, 
the Lewis, described by Jackson (3), attained some use. It was a 
slot-type nozzle in which two vanes were mounted on shafts 
which were geared together and connected to a weighted loading 
arm damped by a dashpot. The vanes ‘‘Spumped”’ at low engine 
speeds as the back pressure varied, but at high speeds they rode 
at balance, opening further as the pressure increased. The de- 
sired functioning was never clearly described in terms of rate of 
air flow at various outputs. One statement was made that a con- 
stant draft was obtained. This is obviously impossible and un- 
desirable as the draft must increase as the rate of output increases. 

The action must have been that by opening with increased 
pressure, the back pressure was held down but because the ratio of 
area of stack to nozzle was decreased, the rate of air supply was 
less than it would have been with a fixed nozzle. The reverse has 
been shown to be the desirable action. 

Bertram Automatic Drafting. A device for automatic control of 
the draft on a locomotive is covered by two patents (16, 17) to 
Bertram, and some results have been described. It consists of 
several spring-opposed (18) valves in a line leading from the ex- 
haust pipe to the atmosphere. The valves start to open at a pres- 
sure of 5 to 6 lb, and by by-passing part of the steam from the 
exhaust nozzle the back pressure is reduced. Also, it must re- 
duce the amount of air moved by a nozzle of the same size; where- 
as we have seen that the need is for a greater amount of air at 
high rates and a reduction at low rates, 

If a smaller nozzle than normal for a nonautomatic nozzle were 
used and the spring-loaded valves opened early to by-pass a part 
of the steam at low rates, some measure of the desired action 
might be attained, but neither the patents nor descriptive litera- 
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ture clarify the exact action. The article states that 59 locomo- 
tives of the Lehigh Valley were equipped with the device from 
1938 to 1941, but it is understood that all have now been re- 
moved. 

The Clemac Front End. Another automatically controlled 
front end has been recently developed by W. H. Clegg, general 
superintendent, Motive Power and Car Equipment, and R. R. 
McIntosh, mechanical engineer, Grand Trunk Western Railroad. 
Only a short discussion has been published (19), but Messrs. 
Clegg and McIntosh have kindly made all details available to 
the authors. The development is also well described in two 
patents (20, 21). 

The essential features are as follows: 


1 Back-pressure relief valves of the weighted poppet type to 
govern back pressure on the cylinders by exhaust of steam to the 
atmosphere. 

2 A draft-relief valve that opens to admit air to the front end 
and thus limits the draft. The draft at which the valve opens in- 
creases as the output of the locomotive increases because the 
valve is loaded by the pressure of the steam at the nozzle through 
a piston on the upper end of the stem of the valve. _ 

3 A cinder ejector which consists of a pipe that extends from 
the point of maximum draft inside the skirt of the stack to the 
bottom of the front end. 

4 The elimination of the diaphragm, table plate, draft sheet, 
and netting from the frontend. ~~ 

The action of the back-pressure relief valve is not essentially 
different from that of the Bertram, and the same objections ap- 
ply. 

The draft-relief valve may have merit in that it should be pos- 
sible to maintain the air-fuel ratio constant or to vary it as de- 
sired over the range of outputs. 

The elimination of the diaphragm, table plate, draft sheet, and 
netting should decrease the over-all resistance to the flow of gases, 
permit a larger nozzle, and thus reduce the back pressure on the 
cylinders. Why these supposedly essential features can be elimi- 
nated by the inclusion of the back-pressure and draft-relief 
valves is not clear. However, the two locomotives equipped with 
the device have been approved from the standpoint of danger of 
forest fires for operation in Michigan by the Conservation De- 
partment, and in Canada for operation on the associated lines 
of the Canadian National Railways. 

Admittedly, there is much that is not known about the factors 
that control the pickup and carry-over of cinders. If the carry- 
over varies as some power, greater than 1, of the rate of flow of 
gases, the carry-over will undoubtedly be high at the instant the 
exhaust valve on the engine cylinder opens, when the rate of dis- 
charge of steamisatamaximum. Thus it is conceivable that the 
carry-over would be considerably less for the same total flow if 
the rate of flow of gases were continuously at the average value 
than if the rate varies widely, as it must with the intermittent 
exhaust of steam at widely varying pressure. ; 

Correct Principles of Automatic Control of Air Supply. The 
automatic devices described appear to have been designed in the 
belief that a locomotive is overdrafted at high rates and under- 
drafted at low rates, whereas we have seen that the reverse is 
true. The correct principle is to install a nozzle of the correct 
size to give the required output of the locomotive and the desired 
excess air at that output and to open the nozzle, to by-pass steam, 
or to relieve the front-end draft at lower outputs to maintain a 
constant excess of air. 

If this were manually controlled an indicator in the cab would 
be required as a guide to the proper setting. A dual gage, one 
pointer indicating flow of steam by pressure drop across a nozzle, 
the other indicating flow of gas by pressure drop across the tubes 
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with such adjustment of the linkages that when the pointers 
were together the rate of air supply was correct, would be suitable. 
This is the principle of the Bailey boiler meter, widely used on 
stationary boilers and adaptable to automatic control. The 
difficulties of application to locomotives with widely varying 
pressures, particularly at low speeds, are apparent. 

Induced- and Forced-Draft Fans. The possibility of the appli- 
cation of either forced- or induced-draft fans to the locomotive 
has occurred to many. MacFarland (2) as the result of his studies 
of the power losses because of back pressure, designed an induced- 
draft fan operated by high-pressure steam. The design was ap- 
plied to one switcher and three road locomotives of the Atcheson, 
Topeka and Santa Fe Railroad from 1912 to 1914. From 1920 
to 1927 Dr. W. F. M. Goss experimented with a turbine-driven 
induced-draft fan using exhaust steam. 

Jackson (3) reports that both of these failed because of the im- 
possibility of maintenance of the blades against the erosion by 
slag particles and cinders. 

The Committee on Front Ends, Grates, and Ash Pans of the 
International Railway Fuel Association (22) has described a 
forced-draft installation on a locomotive of the Texas and Pacific, 
burning both Texas lignite and bituminous coal. Although the 
first results were promising, no further application seems to have 
been made. The fan was operated by a turbine, presumably on 
exhaust steam, although this was not definitely stated. The ex- 
haust of the turbine passed through a nozzle to the stack. Both 
the nozzle and stack were considerably enlarged as compared to 
normal practice. 

The difficulties of forced draft are obvious. The firebox will be 
under pressure greater than atmospheric, and the firing door 
cannot be opened unless the fan is shut off. 

Overfire Air. The use of overfire-air jets to decrease the loss by 
unburned combustible gases and to decrease the smoke has long 
been practiced and is now coming into greater favor because of the 
work of Bituminous Coal Research, Inc. (7, 23, 24). This work 
has given the correct principles of design of steam and fan- 
driven jets and has shown how the noise which so often pre- 
vented their use, can largely be eliminated by a simple silencer. 
More than 600 locomotives on 24 railroads have now been 
equipped with jets based on the BCR design. 

If 10 or 20 per cent of overfire air is desirable, the question 
arises whether the supply of 30 to 50 per cent of the air would 
not be more desirable. 

The introduction of the air over the fire would do little to re- 
lieve the work on the front-end nozzle and thus reduce the back 
pressure because the gases would still have to be moved around 
the arch, through the tubes, and around the diaphragm. We have 
seen that these constitute the bulk of the resistance of the system. 

Whether the use of large proportions of overfire air would re- 
duce the large losses in cinder at high rates depends upon the 
amount of this carry-over that comes from the fuel bed and 
the amount that is carried from the coal thrown from the stoker 
and thus never reaches the bed. Only experimental research will 
determine the value of overfire air, but as the possible gains are 
great, a thorough research is warranted. 


ConcLUSIONS AND RECOMMENDATIONS FOR A PROGRAM OF RE- 
SEARCH 


This analysis of the problem of the supply of air to coal-fired 
locomotives by means of the “front-end” system of exhausting 
the steam from the cylinders into the stack through a fixed nozzle 
shows the following: 

1 That the design of the front end definitely establishes at 


all rates the efficiency of combustion of the coal, as measured by 
the excess of air, and the efficiency of the cylinders except for 
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some modification possible by the engineer by position of the 
throttle and cutoff. 

2 That the front end does not increase the rate of supply of 
air proportionately to the rate of output of the locomotive but 
leads to a decreasing excess or even a deficiency of air at high 
rates. 

3 That the loss of heat in cinders carried out of the combus- 
tion chamber at high rates is not necessarily the result of the de- 
ficiency of air supply by the front end. 

4 That the high back pressures on the cylinders at high rates 
lead to large losses of power output. 

5 That one of the principal reasons why high back pressures 
are required is the high resistance offered to gas flow by the dia- 
phragm and the tubes. 

6 That most attempts at manually or automatically con- 
trolled front ends have been based on the assumption that loco- 
motives are overdrafted at high rates of output and underdrafted 
at low rates, whereas the reverse is true. 


A program of research to improve the performance of the coal- 
fired steam locomotive by improvement of the air-supply system 
should include the following: 


1 A program of tests on a full-scale locomotive to fix definitely 
the value of the factors, ratio of area of stack to nozzle, steam 
pressure, temperature of the gas, and resistance to gas flow that 
determine the entrainment ratio of a nozzle. 

This information can be obtained on standing tests using 
throttled desuperheated steam. Of particular importance is 
that the weight of gases moved be accurately measured. This is 
preferably obtained by movement of the gases with a fan and 
measurement by means of a nozzle or a Pitot tube. 

With this information and with knowledge of the resistance to 
gas flow and of the consumption of steam of a given locomotive, 
the proper size of nozzle for a given performance could be estab- 
lished by calculation, and cut-and-try methods of adjustment of 
the front end would be eliminated. 

2 Review of design of front ends and experimental research 
to develop a design with the minimum resistance to the flow of gas 
consistent with proper self-cleaning characteristics. 

3 Review of the problem of heat transfer in the boiler tubes 
to fix the area and length to make the over-all efficiency of the 
locomotive an optimum. 

4 Conduct a thorough program of experimental research to 
determine the value of overfire air in elimination of smoke, reduc- 
tion of losses in gaseous combustible, and of losses in cinders. 
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Discussion 


E. D. Benton.‘ While investigations and testing of various 
combinations and arrangement of front-end parts have been 
carried on for many years, no one, heretofore, has clearly set 
forth the principles so that the ability of the front end to move 
air could be rationalized. Had this been done previously many 
of the misconceptions of its inherent characteristics would have 
been known, and much time and effort saved in attempts to 
design and patent ideas which were doomed to disappointment. 
The apparently simple fact that steam-air entrainment ratios 
decrease with either an increase in steam flow at the nozzle or 
increase in draft, and therefore at maximum output there is no 
surplus steam exhausted, has not been appreciated except by a 
few people. This has resulted in many attempts to improve the 
front end by the application of principles which, in effect, did 
just the reverse. 

The development of a simple formula for calculating entrain- 
ment ratios, based upon the fact that both the air rate per Btu 
in the coal and boiler-absorption efficiency are essentially con- 
stant thus leaving only one variable, that of total heat or enthalpy 
of the steam, is particularly valuable. It, of course, assumes that 
all of the steam generated is exhausted through the nozzle or 
absorbed by the boiler feedwater. However, a sizable percent- 
age of the steam generated by the boiler does not pass through 
the exhaust nozzle, such as the heat lost from continuous boiler 
blowdown, the steam-air pump, cab and headlight generator, 
stoker engine and jets, train heating, ete. Obviously, a factor 
representing this should be included in Equation [6]. 

The paper, by inference, brings out an interesting but seldom 
appreciated point, that exhaust pressures must be higher for 
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modern high-pressure high-siiperheat engines than for older or 
saturated-steam engines. Assume two engines with the best 
possible front-end arrangement, but one engine producing steam 
having an enthalpy of 1200 Btu per lb, and the other engines with 
steam conditions giving 1395 Btu per lb. Then the engine 


1395 — 1200 4, 
SS r 
1200 = 


16 per cent more air per lb of steam exhausted. If Young, in his 
investigations at the University of Illinois, was able to measure 
a difference of only 12 per cent between the best and the worst 
front-end nozzle-stack arrangement, it becomes apparent that 
the engine having the highest enthalpy must have a well-designed 
front end, and particular attention must be given the resistance 
offered to the flow of gases from the ashpan to the front end. It 
would appear that Young’s statement, “the mutual incompata- 
bility of the mechanical requirements of the front end,” has an- 
other difficulty, i.e., that of enthalpy. 

The concept of resistance and resistance ratios as presented 
in the paper should prove helpful to anyone experiencing draft- 
ing difficulties, particularly when attempting to compare front- 
end proportions between engines having substantial differences in 
enthalpy of the steam generated. That grate and fuel-bed re- 
sistance is only about 15 per cent of the total will surprise many 
stationary-power-plant men who usually consider the fuel bed as 
the major resistance to the flow of air. It is for this reason that 
engines appear to steam equally well with a fuel and ash bed free 
of clinkers of 14 in. in thickness as with one only 6 in. thick. 

If the steam turbine is to enjoy the success it justly deserves, 
considerable attention must be given the optimum “resistance 
train” in order to lower back pressure and improve water rates, 
since an increase in enthalpy of the steam is handicapped by an 
increase in exhaust pressure. 


with the greater enthalpy must entrain 


J. R. Jackson. In the main, the writer follows the analysis 
and subscribes to the points advanced by the authors, particu- 
larly that ‘“‘draft,’’ as expressed in pressure differential, is not 
the proper basis for the study of the flow of heat through the lo- 
comotive boiler, and that the composition, weight, and tempera- 
ture of the gases moved, at various locations in progression 
through the boiler, should be determined for different rates of 
power development. It is agreed with that in this respect there 
is a lack of information and a field for investigation which should 
yield a better understanding of the factors in the burning of solid 
fuels on grates throughout the normal range of power develop- 
ment of a steam locomotive boiler and possibly lead to an exten- 
sion of the economic range over that heretofore obtainable. 

However, there are two points made by the authors which the 
writer finds it difficult to subscribe to: 


1 The evaluation of the resistances to flow through the 
boiler, particularly to the relatively small value attributed to 
the fuel bed. ; 

2 The statement of “the correct principles of automatic con- 
trol of air supply.” 


As to the first point, fire-bed resistance; the front-end plates 
and spark-arrester appliances, the tubes and flues, the arch, 
the grates, and the ashpan openings are the fixed resistances; the 
fire bed is the variable resistance and consequently the only 
means the locomotive fireman has to regulate and control air 
supply. While fire-bed resistance as the authors show, is of a 
relatively small magnitude as compared with the fixed resistances, 
it is a most important factor in the control of steam generation 
for any given rate of power development in any existing coal-- 


5 Engineer of Tests, Missouri Pacific Railroad, St. Louis, Mo- 
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fired steam locomotive. The difference between a good fireman 
and a poor one is essentially the manner in which he regulates 
fire-bed resistance to control air supply. 

As to point 2, ie., automatic control of air supply. If by 
“correct size to give the required output of the locomotive” the 
authors mean maximum output, a nozzle of relatively large area 
is essential if the cylinder back-pressure horsepower loss is to be 
kept at the desired minimum for those conditions. However, in 
practice, with the relatively large nozzle desired for maximum 
output, it is too large for the lower rates of power development 
and the locomotive will ‘‘steam hard” or “‘fail for steam” as the 
rate of flow of exhaust steam through the nozzle is decreased by 
throttle or cutoff control. The universal remedy followed to 
improve steaming at the lighter loads under the conditions as 
just set forth is to reduce the nozzle area. This is directly the 
opposite procedure to the authors’ statement of the correct 
principles of automatic control of the air supply and wherein 
the writer finds it difficult to agree. The case of a relatively 
large-nozzled locomotive in effect approaches the authors’ concept 
for the automatic control of air supply, and yet it does not work 
out in practice. 

It has been realized for many years that the back-pressure 
horsepower loss in the reciprocating steam locomotive is rela- 
tively high at the higher rates of power development. The 
writer has had considerable experience in attempts to bring 
about improvement in this direction and still believes that this 
angle requires further study and experimentation in any program 
of research looking to the improvement of the conventional 
reciprocating steam locomotive. 

The control of air flow through the grates or above the fire in 
a coal-fired steam locomotive, throughout the relatively wide 
range of power development, is not a simple problem but it is 
believed that the approach, as suggested by the authors in this 
paper, should yield long-needed supplementary information and 
gives promise’ of realizing some worth-while improvements in the 
efficiency of the steam locomotive within the relatively narrow 
thermal-efficiency limitations attainable in this type of motive 
power. 

In conclusion, the writer is thoroughly in sympathy with the 
authors’ recommendations for a program of research employing 
a full-sized locomotive and hopes that it will be carried out along 
the general line as set forth in this paper. 


R. R. McIntosH® anp W. H. Curae.’ We note in the sec- 
tion, ‘Relation of Air Supplied by Front End to Air Required 
for Coal Fired,” the authors refer to a locomotive developing 
3500 dhp, at which output there was a deficiency of 30 per cent 
in excess air required for the coal fired, while actually for the coal 
burned, there was still an excess of 28 per cent at that power 
output. This fact seems to offer the most lucrative field for re- 
search in correcting the factors leading to such a tremendous 
loss in unburned fuel. 

It is also noted in ‘Relation of Performance of Front End to 
Loss of Heat in Cinders,” that the authors conclude that the high 
cinder loss is the result of the high carrying power of the gases 
for solids at the high velocity with which they move through 
the combustion chamber at high rates of operation, and that coal 
is both carried out of the bed and swept out of the stream of 
coal being fired before it reaches the fuel bed. 

It is apparent that these undesirable conditions exist at high 
rates of output where they are influenced by the higher back 
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pressure developed, which rapidly increases the ratio of the loss 
of back-pressure horsepower to the drawbar-horsepower output, 
as illustrated in Fig. 11. The small percentage of increase of air 
flow obtained by large increases in back pressure is obtained only 
at a very high price and is entirely out of proportion. It is 
therefore reasonable to assume that much may be accom- 
plished in this direction where both high values of back pressure 
and air flow are automatically controlled, especially where such 
permits the locomotive to develop its boiler and tractive-effort 
capacity by reducing materially the ratio of back pressure- 
horsepower loss to drawbar-horsepower output and maintaining 
a more satisfactory range of entrainment ratio in the movement 
of gases. 

We heartily concur in the authors’ conclusions and recommen- 
dations for a program of research which should embrace a careful 
study of past and present designs of air-flow control, and the 
effect of unburned fuel loss by the control of back pressure, espe- 
cially in view of the high ratio of back pressure - horsepower 
loss to drawbar-horsepower output. It is obvious from the au- 
thors’ conclusions that they regard high back pressure as a very 
important factor which should be minimized by reduction of re- 
sistance to air flow, and we believe this to be well within the 
bounds of possibility with automatic control. 


AUTHORS’ CLOSURE 


Mr. Benton has correctly pointed out that an increase 
in enthalpy of steam, by increase in pressure or in superheat, 
or both, results in an increase in the required entrainment 
ratio of the front end. His conclusion that this means that an 
engine having higher enthalpy must have a well-designed front 
end is also sound as there is little purpose in increasing the en- 
ergy in the steam at the high level if one must decrease the size 
of the nozzle and thus throw the energy away in increased back 
pressure. 

Mr. Jackson questions the conclusion that the resistance of the 
fuel bed plays a small part in control of the flow of air through 
the system. His belief that the fireman can control the amount 
of air by the thickness of the bed is natural and it is true that 
if the pressure drop through the fuel bed is increased, the supply 
of air will decrease, but it is not true that it will decrease greatly 
for normally expected changes in resistance. 

If we take, for an example, the conditions shown in Table 2, 
when the pressure drop across the entire system was 20.1 inches 
of water and that across the fuel bed was 3 inches, and assume 
that the drop across the bed is doubled, then the increase in re- 
sistance will be 


Vea 


or seven per cent. That is, the air flow would be decreased by 
seven per cent, certainly not a large amount, for a doubling of the 
pressure drop across the fuel bed. The authors will certainly 
agree with Mr. Jackson that the difference between a good fire- 
man and a poor one is the manner in which he maintains the uni- 
formity of his fuel bed. For example, if the fireman fires too much 
coal and greatly increases the thickness of the bed, the result may 
be heavy smoke and loss due to carbon monoxide and unburned 
volatiles, not because the increased thickness of bed reduced the 
amount of air appreciably but because it changed the air-coal 
ratio by too much coal. 

Conversely, a decreased rate of firing will lead to a thin fuel bed, 
low COz, and falling steam pressure, not because the air has in- 
creased a great deal but because the coal has decreased. 

Mr. Jackson questions whether the authors mean maximum 
output in the statement, “correct size to give the required output 
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of the locomotive’. The answer is that they mean the maxi- 
mum output desired for the given locomotive, although this is 
usually the maximum that can be obtained. The authors recog- 
nize that as the size of the nozzle is decreased to give a higher en- 
trainment ratio and more air, the cylinder output decreases be- 
cause of the increased back pressure and the efficiency of the 
engine will decrease. Hence there should be an optimum size 
of nozzle for maximum output, but often a higher output can be 
obtained even at lower efficiency and this sacrifice is made. 

The authors confess to lack of practical locomotive experience, 
but fail to see why, if a given nozzle gives satisfactory operation 
at high outputs, there should be “hard steaming” at lower out- 
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puts. The mathematical relations, fully confirmed by test data, 
show that the entrainment ratio of a nozzle increases as the flow 
of steam and thus the back pressure decreases. The ‘“‘hard steam- 
ing” cannot be for lack of air. Could it be from too great an ex- 
cess? 

Messrs. McIntosh and Clegg appear to be in full accord with 
the conclusions of the paper and suggest that it is possible to ob- 
tain automatic control to avoid back pressures. The authors 
agree as to desirability, but point out again that the method of 
by-passing steam is wrong in principle because, when more air 
is needed, it can definitely not be obtained by not passing part 
of the steam through the nozzle. 


Analysis of Special Electronic-Tube Tests 


By J. H. CAMPBELL! anv C. G. DONSBACH,? SCHENECTADY, N. Y. 


The complexity of manufacturing electronic 
tubes is such that professional groups normally 
associated with design and laboratory activities 
are called upon to work in the factory. These 
groups contribute considerably to the control of 
material assembly, test, and the outgoing qual- 
ity of the product. In this industry many vari- 
ables exist and because none of the tube parts 
can be tested electrically until the tube is com- 
pleted, a system of “statistical quality control” 
is in order. This paper illustrates improve- 
ments which may be accomplished through 
special tests on tubes in the course of produc- 
tion, followed by statistical analysis of the 


results. 
articles has been greatly increased in the past 
few years due to at least one or more of the 
following conditions: 


HE complexity of the manufacture of many 


1 The large number of new devices. 

2 The relatively short period of time allowed for develop- 
ment. 

3 The large quantities on order. 

4 The precise quality and limitations imposed by critical 
wartime requirements. 


There are probably few manufacturing processes more complex 
than the manufacture of electronic tubes. In order to cope with 
the situation many professional groups, normally associated 
with design and laboratory activities, must be called upon to 
work in the factory. The regular complement of production 
engineers in an electronic-tube factory must have the assistance 
of chemical and metallurgical engineers as well as glass technolo- 
gists. This technical help in manufacturing contributes con- 
siderably to the control of material assembly, test, and the out- 
going quality of the product. 

Another important tool which is gaining in popularity and use 
in most industries is statistical quality control. In the electronic- 
tube industry the need for control of the many variables is es- 
pecially acute since none of the parts can be tested for electrical 
characteristics until the tube is completely made. These vari- 
ables start from the material composition of the parts and con- 
tinue through all processing stations to the final test for electrical 
characteristics. When properly .applied to manufacturing, 
statistical analysis becomes a library of information to help engi- 
neers, foremen, and operators make the right decision at the 
right time. 

This paper is intended to illustrate what can be accomplished 
through the use of special tests in the production of electronic 
tubes, with particular emphasis on the need for statistical analysis 
of the results. 


1 Factory Engineer, General Electric Company, Schenectady Tube 
Works. 

2 General Electric Company, Schenectady Tube Works. 
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E/NGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 
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“Sproat Tests’ For ELracrronic TUBES 


In order to avoid confusion in the term ‘‘special test,’’ which 
will be referred to quite often, the following explanation is 
given: 

The making of electronic tubes like many other manufacturing 
processes is accomplished by means of standard instructions. 
These instructions are the best known method of producing a 
particular tube type at the time the tube is considered developed 
and ready for manufacture. A special test usually has one 
variable which is not within the standard instructions. The en- 
gineer or person who suggests the test believes the one vari- 
able introduced in the manufacture of the tube will improve 
the quality and/or reduce manufacturing losses. If the test 
accomplishes either or both of the improvements, the corre- 
sponding change is made in the standard instructions. 

It is therefore obvious that the special test is one of the most 
important tools for the factory to improve the quality of its 
product or reduce the losses in manufacture. 

In order to utilize the test method to its fullest extent, com- 
plete co-ordination of all the groups in the factory must be ob- 
tained. Fig. 1 shows how this is accomplished. In general, 
the three groups who initiate a test are the engineers in the fac- 
tory, the foremen, and the design engineers. The factory engi- 
neer’s office serves as a clearing house for all technical information 
and the engineer accepts or rejects a special test based on the 
value of the information he expects may be gained by conducting it. 

When a test is approved from a technical viewpoint, the general 
foreman is consulted regarding the priority the test should have 
in the production schedule. The written test form is then 
studied by the statistician to determine whether the method to 
be used will properly isolate the one variable being tested. The 
foreman then receives complete instructions and the tubes are 
assembled and tested. It then becomes the joint responsibility 
of the engineer and the statistician to analyze the data to deter- 
mine whether the results are significant enough to require a change 
in standard instructions. A case history is then kept for future 
reference. The data are arranged by tube type and subject and 
made available to all who may have occasion to use them. When 
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this file is properly kept it serves to avoid duplication of effort as 
well as to provide information on past experience to help solve 
difficult. problems in the future. 


Propuction FLow CHart 


To give an idea as to the number of variables encountered in 
the making of a tube, a typical flow chart of production is shown 
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in Fig. 2. It will be noted that this chart contains 34 parts, 141 
manufacturing processes, and 14 subassemblies. In the manu- 
facturing processes we have not included on the chart any sub- 
processes such as cleaning schedules of parts, exhaust schedules, 
etc. Likewise, Fig. 2 does not indicate the number of different 
machines, or operators, or test sets that may be in use at any one 
time. For ease of illustration these additional variables were 
omitted from the flow chart. It is important to note that prac- 
tically any number of these variables or combinations of them 
may affect one or more of the electrical characteristics of the 
tube. The decision as to the total possible number of variables 
which can be encountered will be left to the reader’s imagination. 

Control over these variables is maintained statistically in many 
ways, a few of which may be listed as follows: 
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(a) Control over incoming material by sampling procedures. 

(6) Control over processing stations by per cent defective, 
and variables control charts based upon 100 per cent and/or 
sampling inspection. 

(c) Control at the test station by means of per cent defective, 
and variables control charts based upon 100 per cent and/or 
sampling tests. This may mean control over previous processing 
procedures since the results at test are, in many cases, directly or 
indirectly related to processing. 

(d) Control by means of special tests. 


In the remainder of-the paper we will point out the method em- 
ployed in analyzing special tests and some of the results obtained 
by the use of this system in an electronic-tube plant. 


PROCEDURES FOLLOWED IN SPECIAL TrEsts 


Fig. 3 is a flow chart which will give the general basis for the 
instigation, analysis, and disposition of such tests. An explana- 
tion of this chart follows: 

The various reasons for running a test may arise from four gen- 
eral sources: 1 It may be the suggestion of a production worker, 
a foreman, or an engineer to change a certain processing pro- 
cedure in the hope of improving the quality of the tube. 2 Ifa 
rise occurs in the per cent of defective tubes, it is the engineer’s 
responsibility to isolate and correct the cause. This is often 
done by means of a special test where the suspected cause is the 
only variable. These troubles may in some cases be outstanding, 
as when the tubes suddenly become defective, or when per cent 
defective and/or variables control charts indicate trouble. 3 
Another cause for which a special test may be run is to determine 
whether any differences exist among processing procedures such as 
among operators or machines. This source also uses special 
tests to compare test sets. 4 A special test may result from a 
necessity of control over certain incoming materials such as base 
metals, filaments, grids, etc., or from necessity of material con- 
trol over certain processing materials, such as, emission-coating 
mixes, ete. 

In general, regardless of the reason for conducting a special 
test, the procedure is to manufacture a small sample of tubes 
under prescribed conditions. Because of the large number of 
variables encountered it is absolutely necessary to send a control 
test along with the special test so that conclusions can be studied 
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properly. This is the means used for reducing experimental 
error by holding constant all factors except the one under inves- 
tigation. 
exactly the same machines and same conditions (except for the one 
variable being tested) as the special test. Unless this is done, 
the results of the special test are not indicative. 

These special tests may be further classified into two cata- 
gories, i.e., those in which the procedures are within standing 
instructions, and those which are outside standing instructions. 
In the case of the former the tubes may go directly to stock, but 
where the test is for tubes made under procedures which are out- 
side standing instructions, the tubes cannot be stocked until the 
quality is determined by means of a life test or equivalent on a 
reasonable sample of the lot. If the tubes pass the additional 
prescribed test they may then go to stock. 

As soon as the tubes are tested the results of the special test 
are compared with those of the control test. It is in this com- 


parison that the use of the statistical analysis is applied. Fig. > 


4 shows the various statistical tests applied to determine whether 
the special-test results are different from normal production (con- 
trol test). A brief explanation of each of these tests will be given, 
but for the basic theory the reader is referred to the Bibliography 
of this paper. 
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STatisTIcaAL CoMPARISON OF TEST RESULTS 


In the statistical comparison of test results the usual procedure 
is to figure the mean and standard deviation of the individual 
electrical characteristics for both the special and control tests, 
and then be sure that a controlled process exists. The question 
which then arises is, ‘Are these means and variations statistically 
different between the special and the control tests?” In order to 
determine this, various statistical tests of significance are applied. 
One of these is the ¢ test. This determines on the basis of the 
sample size whether the “averages” are significantly different 
from each other. The ¢ test may be subdivided into two cate- 
gories, i.e., that of paired, and that of unpaired variates. In all 
cases where control tests are run along with special tests, it is 
possible only to use the ¢ test for unpaired variates. In other 
cases where partial special tests are run without control tests, 
such as in checking test equipment, the ¢ test for paired variates 
isused. This is illustrated in Example 4. 

The L, test is used to determine the significance of differences 
in “variance” between the special and control tests. The meth- 


It means that the control test must be processed by - 
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ods of computing the values of the ¢ and Z; are shown in ex- 
amples 1 and 4, and the significance is determined from tables 
prepared for the purpose.’ 

Where there are more than two means and/or variances to be 
compared, the F test is generally used. Example 3 is an illustra- 
tion of the use of this F test. Where correlation studies are indi- 
cated, the coefficient of correlation and line of regression are com- 
puted. 

If the results of the special tests show fairly significant differ- 
ences or are borderline cases, it is usually the procedure to send 
through a larger representative sample; perhaps a day’s produc- 
tion or more. The control for this test is actually normal production 
before and after the large sample is run. In running this larger 
test care is taken to see that all parts and processes are random- 
ized as is normal production. If three machines and three opera- 
tors normally work on one of the tube processes, then this test is 
run so that the tubes are randomized among these machines and 
operators as they are in normal production. 

After the tubes are tested for electrical characteristics, the 
results are statistically compared to normal production. The 
method of best presenting the results of this comparison has been 
found to be by cumulative frequency distributions, sometimes 
plotted on probability paper. This not only gives the shape of 
each distribution but enables one to estimate the average and 
standard deviation as well as per cent defective. This type of 
comparison is illustrated in examples 1 and 2. ‘Where it is 
thought necessary, statistical tests of significance are also applied 
to these large sample sizes. However, in most cases a study of 
the curves together with the small-sample analysis are sufficient 
to determine whether or not to change normal production 
over to the new procedure. 


Pitot TEsts 


As mentioned previously, there are instances where special 
tests are run in about the same manner as normal production. 
The cause for running this test (which is called a “pilot test’’) is 
to determine if the yield of percentage of good tubes can be in- 
creased. The principle used is first to observe every process in 
the production of the tube. During this observation period re- 
ferred to as pilot test 1, no corrections are made but are merely 
noted. The results of the yield of this are tabulated with all 
possible discrepancies. Then pilot test 2 is run with all cor- 
rections applied. The corrections are decided upon by engineers 
who consult with foremen and test observers. 

Fig. 5 shows the yield of a certain tube (not yet out of the de- 
velopmental stage) plotted over a period of time. Note the 
yield of pilot test 1 and then note the upward trend resulting as 
corrections were applied. Pilot test 2 showed almost a 71 per 
cent increase in yield over pilot test 1. The yield on this tube 
has continued along the yield obtained by pilot test 2. 

The examples given in the appendix are taken from case his- 
tories of recent special tests. They have been selected as repre- 
sentative cases of actual production and are believed to be self- 
explanatory. The number of these tests being run and the re- 
sults obtained from them can be illustrated by the following 
figures for April, 1945: 


Number’ of tests started sc ctejitis sci oi aloe otis cre alee aslastes 50 
INqimborstinished es a. mer. sa tecbaiis -pecenapelerepruetele ir -4=keekeloks 34 
Number of those completed showing improvements....... 16 


The program, as explained in this paper, is being followed ac- 
tively at the present time. It is helping to produce the highest- 
quality product. In the postwar period the ultimate consumer 
will derive benefits in the form of increasingly good quality. 


3 Tables are available in various texts on the subject. 
Bibliography following.) 


(Refer to 
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Appendix 


Exampite 1 Spreciau Test Run As RESULT oF SUGGESTION TO 


IMPROVE QUALITY 


On one tube type the electrical characteristic “grid current” 
was the cause for a fairly large percentage of loss. The engineer 
decided that a change in the method of assembly would narrow 
the tube-to-tube variation and eliminate a considerable number 
of electrical defects. 

After considering the daily production schedule and the num- 
ber of possible variables present, it was decided to send through 
a special test of 50 tubes together with a control test of 50 tubes. 
For the control test, every part used came from the same lot of 
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material and all processing operations were made by the same 
operators and on the same machines, under the same conditions 
as the special test, except for the one variable being tested. 

The following results were tabulated for the grid characteristic: 


Test Control 
Samplesize (2) o snicstssoiaclvde ass beieete 50 50 
Average (X), NB, FAhavis aieastealece uefetenie 37.4 42.0 
Standard deviation (¢), ma........... 4.2 Pill 


Were these results statistically different? The statistical t¢ 
test was applied to determine the significance of the difference 
between the averages, and the L; test was applied to determine 
whether this difference in averages was due to inequality in vari- 
ances. 

For the ¢ test, applying the formula 


d 
t= = = 
Ase ee + 2X — X)* (1 1 
™% —- Nn, — 2 Ny Ne 
we have 
4.6 
t= = 3.9 


\” + 2518/1) 1 

50+50—2\50 ' 50 

which for 98 deg of freedom is significant. 4 
Applying the formula for the Z, test 


pees 
8q7Sq” 
where 
8,7 = 1/2(s,? + s,) 
we have 


_ (17.8) (50.4) 
~ (34.1)(84.)) 


+s = 1/,(17.8 + 50.4) 


= 0.78 


1 


The value of Z, for sample sizes of 50 is 0.9612, beyond which 
lie 5 per cent of all values of Z;. The value 0.78+ is far below 
this and indicates that the variances of the two assumed normal 
populations from which these samples were drawn differ signifi- 
cantly. 

Because of the results in the special test of 50 tubes, it was de- 
cided to obtain a larger representative sample by running at least 
a day’s production with the new assembly technique. In doing 
this the day’s production was run with all shifts, all machines, 
and other variables that would be encountered in normal produc- 
tion. The distribution curves plotted on probability paper, 
Fig. 6, will give approximately the whole comparison as follows: 


Test Normal production 
TE As Mt BS A ANS SEL 309 500 
Xeneon Gils .- ag apy Pete Sew 36.8 44.1] 
TA OT ES nel Ge, RA Pian 4.5 8.0 
Per cent defective............. 10) 14.0 


The actual yield (per cent good from starting 100 assemblies) 
showed an increase from 74 to 83. This increase in yield repre- 
sents a monthly saving of $2500 to $3000, based upon the current 
production schedules. i 


4 Degrees of freedom represent the number of independent values 
in the comparison. : 
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Fig. 6 X-Tusr Typp Grip Current 


The following nomenclature is used in this section: 


d = difference between means 

X, = individual value of each special-test reading 
X, = individual value of each control-test reading 
X, = average of special-test readings 

X, = average of control-test readings 


”m = sample size of special test 
n, = sample size of control test 
s,2 = variance of special test 
s,2 = variance of control test 

co = standard deviation 


Exampuie 2 Sprecran Test Run to Repucs Hic Per Cent 
DEFECTIVE AS SHOWN BY STATISTICAL CHARTS 


On a very critical tube type the per cent defective chart, Fig. 
7, indicated a large loss at test due to a plate-voltage characteris- 
tic. This characteristic is primarily determined by the relative 
spacing of certain elements of the tube, which had previously been 
done by mechanical means. The engineer decided an improve- 
ment could be obtained by spacing the tube electrically with a 
capacitance bridge. This equipment was built for the test and 
arranged so that a predetermined reading of capacitance could 
be obtained while the tube was being assembled (the correlation 
of capacitance and spacing is shown in Fig. 8). 

In using this fixture a small lot of tubes was made and the 
analyzed results indicated so much improvement that a special 
test was run on 420 tubes. These tubes were made on a com- 
pletely randomized basis so that a correct comparison could be 
made with normal production. 

Cumulative frequency distributions were plotted and are 
shown in Fig. 9. The results in the form of per cent defective 
are tabulated below: 


Normal production Special test 
Plate voltagencrr..< te axes beslaaiate 15.0 0.5 
GCapacitancess.« sr ias,acec sistas 10.0 0.8 
(CRN ar) o Bi Mo SO mean 3.7 1.4 
SHOrtsasetvee sete vis fe isiere etre es 6.6 pecs 


The reduction in gassy and shorted tubes was due to the more 
uniform spacing. 

Statistical tests confirmed the differences in plate voltage and 
capacitance to be significant. 

The device was put into use and the control chart in Fig. 7 
shows the results in improvement in losses and quality. The 
over-all yield on this tube increased 49 per cent due to this 
factor, and the dollar savings amounted to over $7500 per 1000 
tubes to stock. 
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Exampies 3 CompariIsOoN oF ExHausr ScHEDULES THROUGH 
Uss or L; AND F Tests 


Considerable difficulty was encountered in obtaining proper 
emission on a particular tube type. One of the possible variables 
which could affect this was the schedule by which the tubes were 
exhausted. 

The engineer ran a special test using four different exhaust 


schedules. The following results were tabulated: 
Exhaust 
schedule A B Cc D 
De IE 16 24 28 19 
EXO Pinte cel erane anions 28 20.2 27 21 


From the averages given in the table, schedules B and D look 
much better than schedules A and C. However, do the averages 
of these schedules differ significantly among themselves, or do 
they most likely come from the same homogenous population? 
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In order to determine this the F test was applied (after applying 
the L, test which showed that the variances of the assumed nor- 
mal populations from which these samples were drawn were not 
significantly different). 

In the F test we simply segregate the total variances into the 
variances among schedule means, and the variances within 
schedule means. We compute the ratio and compare it to the 
known distribution of / ratio for random samples. In other 
words, “we compute the ratio of an estimate associated with a 
suspected ‘cause’ to the estimate which best defines the error 
of the experiment. If the probability is small, say, less than 0.05, 
that this ratio could have occurred by chance in sampling from 
normal populations of identical means and variances, the hy- 
pothesis that such were the populations is rejected.” 

The following shows the computation of F for the comparison 
of exhaust schedules: 


Source of Sum of Degrees of 
variation squares freedom Mean square 
¥—y)? 
Among schedules... D(X. — X)? K—1 ageh ES ae 
873.7 3 291.2 
>>! ee SY ie 
Within schedules:.:) 2(% —X)*—- “n= K~ ef-s "axe 
9631.0 83 116.0 
Ota Ags secncitetecls x(x — x)? n—1 
10504.7 86 
where 
= we ae rx)? 
U(X X)? = PIX ) 
51080.55 — 50206.9 = 873.7 
U(X — X,)? = YX? — 2X2? 
60711.50 — 51080.55 — 9631.0 
= DX? 
Z(X — X)? = 2X? — ee) 
n 
60711.50 — 50206.9 = 10504.7 
a 2X)? =X)? DX3)? DX,)? 
where 2X,? = eae Te ae te Guu ae eae 
Ny Ne Ns nm 
291.2 
F = —— = 2,501 
116.0 


The table of values of F for 3 and 83 deg of freedom produces 
the ratio of 2.72. Since the value of 2.501 is less than this, we 
must take it as an indication that the exhaust schedules all come 
from the same homogenous population and therefore they had 
no significant effect on the electrical characteristic. 

The meaning of terms is as follows: 


X = individual value of electrical characteristic 
n = sample size 
K = number of samples 


TRANSACTIONS OF THE A.S.M.E. 


JULY, 1946 


ExampLte 4 Swnowina Conrrot Over Test EqQuipMeENT BY 
MEANS OF CoRRELATION BETWEEN TEST SETS 


One of the methods of maintaining adequate control over test 
equipment is to check factory sets with standard laboratory sets 
for all electrical characteristics. Although this does not strictly 
adhere to the full procedure of running complete special tests in 
order to make these correlations, the actual testing procedure is 
considered in the category of a special test. 

The usual method is to take a small sample of tubes, Hee them 
on the one set, and then test them on the standard set (using the 
same operator). The results are then analyzed for statistical 
significance between averages by means of the ¢ test for paired 
variates. The following is a good example of what can be done 
with statistical tests of significance in such correlations on a cer- 
tain tube type: 


Electrical 


charac- Factory Laboratory Statistical 
teristic average average Difference significance 
A 183.9 177.6 6.3 Significant 
B 4.44 4.35 0.09 Significant 
Cc 70 4.62 0.08 Significant 
D 0.255 0.268 0.013 Not 
significant 
E 4,28 4.31 0.03 _ Significant 
F 2.11 2.00 0.11 Significant 
G 0.322 0.307 0.015 Not 
significant 
H 0.311 0.317 0.006 . Not 
significant 
I 0.573 0.423 0.114 Significant 
J 0.533 0.428 0.105 Significant 
K PAT 21.5 0.4 Significant 


Although many of these differences show statistical significance, 
only three of them were “practically” significant. The factory 
sets were recalibrated until these differences were not significant. 

The ¢ test of significance is illustrated for the “‘A”’ characteristic 
as follows: 


qed aw 
/V/n 
where (2d)? 
yd? 
n 
= 
n—1 
where 
d = difference between means 
n = sample size 
zd? = sum of individual differences squared 


(2d)? = square of sum of individual differences 


6.3 
= —— = 340 
o//21 
(133)? 
2237 — —— 
21 
f= 
20 
o = 8.35 


The Effect of Heat Loss on the Performance 
of Exchangers With Interconnected Walls 


By P. R. TRUMPLER,! NEW YORK, N. Y. 


Equations are derived for the calculation of exchangers 
in which the passage walls are bonded to each other, pro- 
viding substantially uniform wall temperature over any 
cross section normal to the flow. Results are presented 
for both countercurrent and cocurrent exchangers and 
an example illustrating the solution is given. 


NOMENCLATURE 


The followmg nomenclature is used in the paper: 


h, = thermal conductance, based on surface A,, between 
metal wall and the surroundings at temperature @,, 
Btu hr~! ft7? deg F-? 


A, = reference surface for h,, sq ft per ft of exchanger length 
Q, = heat flow from metal wall to surroundings, positive 
for heat flow to surroundings, Btu hr~* 
W = fluid-flow rate, lb hr~! 
c = specific heat at constant pressure, Btu lb~! deg F~* 
h = fluid film conductance, Btu hr~! ft~? deg F~? 
A = surface washed by fluid, sq ft per ft of exchanger length 
6, = temperature of surroundings, deg F 
@ = temperature of warm fluid, deg F 
T = temperature of cold fluid, deg F 
7 = temperature of metal wall, deg F 
z = length co-ordinate, parallel to fluid-flow directions, 
positive in direction of flow of cold fluid, ft 
L = exchanger length, ft 


Subscripts 7’ and @ refer to the fluids having those temperatures 
Subscript 0 refers to value at z = 0 
Subscript 1 refers to value at z = L 


INTRODUCTION 


Under certain conditions heat transfer between an exchanger 
and its surroundings can have an important effect upon the per- 
formance of the exchanger. Evenasmall heat leak may apprecia- 
bly alter the temperature difference between the two fluids as 
calculated for adiabatic performance. Heat-loss effects are often 
appreciable where a small temperature difference between the 
fluids is required by the necessity for high thermal efficiency in 
the process, or where the exchanger operates at a temperature 
far from the ambient. Examples are found in plants for the sepa- 
ration of gases by deep refrigeration, and at the other end of the 
temperature scale, in the gas-turbine recuperator. 

For the case of a double-pipe exchanger the effect of heat loss 
has been investigated by Nesselmann.? The recent development 
of extended-surface exchangers, particularly for deep-refrigera- 


1 Development Engineer, M. W. Kellogg Company. Jun. A.S.M.E. 

2 “The Influence of Heat Loss From Double-Tube Heat Exchang- 
ers,” by K. Nesselmann, Zeitschrift fiir die Gesamte Kdlte-Industrie, 
vol. 35, 1928, pp. 62-67. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of Tae Ameri- 
can Society oF MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
pf the Society. 


tion processes, has brought practical importance to another case, 
namely, exchangers of the general type shown in Fig. 1. For 
purposes of the present analysis this type is characterized by 
passages bonded together in such a manner that the wall-tempera- 
ture variation over any cross section normal to the flow is small 
compared to the temperature difference between the wall and the 
surroundings. 
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It will be seen that the results are applicable to exchangers in 
which the passages are not bonded together, provided the tem- 
perature difference between the various walls at a cross section is 
small. This is generally true of double-pipe or shell-and-tube 
exchangers in which either (1) the film coefficient of the shell 
fluid is very much higher than that of the tube fluid or (2) if the 
two fluids are exchanging heat at a small temperature difference. 

Under what conditions should the effect of heat loss be inves- 
tigated? The equations appear to yield no simple criterion. If, 
however, a rough estimate of the heat loss shows that the mean 
temperature difference based on terminal values is appreciably 
changed, a check for the effect of heat loss should be made. 

The performance equations derived in the following section 
are limited only by the usual assumptions, which require that 
conductances and specific heats remain constant for the length 
of the exchanger, and that heat conduction in the metal or the in- 
sulation along the length of the exchanger is not important. The 
effect of heat conduction through fins, wall, bonding material, 
and fouling films may be taken into account by correcting the 
individual film coefficients. 
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Weced@ = WreedT + h(n — 0,)A,dz...... {1] 
W 7 Cd DO tAn Gpi——)OS see ora eee scteetels [2] 
Weced@ = heAe(6 — n)dz.........-...-.- (3] 
Eliminating 7 from Equations [2] and [3] 
Were pe aN Ne Oe ae [4] 
hrA pdz heAgdz 
Eliminating 7 and z by Equations [8] and [4], Equation [1] be- 
comes 
Al jahaGien 
W ace E 4 As (: 8 “| is 
W per heAe 6—T 


h,A, [0@—9@ 
= —— | ——* GDivteh Sess oD 
E a rl | ie 


The variables may be separated if we make the transformation 


= 10 NT hog ee vos) ve a Ske [6] 
ry = 0— 8, 
ady + ydx = de dT = (@—1)dy + ydz........ (7] 
Substituting also 
D= ee RE. Oh eae [8] 


Equation [5] becomes 


dy. 
ies 
Kp oe a ah = 
x 
heAge hrAr heAe d 
Le 
h,A h,A h,A h,A 
if D D ‘Ss 8s 's & 1 8 s D s 8 2 
By ( ik heAg C4 hrAr ) 4 (ee 7 a 


Using Equation [9] to eliminate y from Equation [4] we deter- 
mine x as a function of z 


zx Zz 
dx dz 
ih wf Sica 
ey Se (@ 32 eee 0 K 


where 
Weco h,A, . hyA, | 
= 
Wire PERG MAA a nie ee eee (11) 
1 1 h,A 
K=W 1 a 
*- Ee ne Ae ( me ide) | 
Integration yields 
. 1 
ele aL: 
hpAg hoAp 
ee D 1 Roe/#? + 1 \ 
D—1 Bes 
lheAr th heAe ii a re Rye?/*)2 — 1 a 
where 
r=VD—1 +44)? + 4a 
peer imniek oie D esol) 7 Perr etna ees {13] 
Te ar, ae (ci Dieta 
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Integrating Equation [9] and eliminating x by Equation [12] we 
obtain y as a function of z 


D 
\" DL fA 225) oe a 


D 1 
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Equations [12] and [14] completely define the exchanger per- 


formance. Two special cases will be noted. 
h,A; = 0 
Then 
a=0 r=D—t1 n=1 
m=0 p=0 
x on Has) 
! Wace W rer 
and 
UeAg uh | 
= 1 PN son occured 15 
ches E 6 ( W rer Ba 


which is the equation of the adiabatic exchanger. 
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h,A, ~ © with other film coefficients finite 
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rs D i 1 
hA, heAg heAr 


and Equation [14] becomes 


heA hrA 
y = (6— 6,)exp eae — (To — 0, )exp ie - = :) . [16] 
rcr 


Exchanger Length. The calculation of exchanger length is of 
prime importance to the heat-transfer engineer. The length may 
be determined by the following procedure: 

From Equation [4] 


1 1 L 
ah og i 
—— Cl —— do = @— T)dz..[17 
hpAr Jo hoeAo Jo 0 : erie 


W rer 


Also 


L L 
if o—me- f ydz = yo™ (e?” —1) + o~ 
0 0 Pp qd 


(et —1).. [19] 


or 


Wee zs 
Oe ae (en Os) i (@— T)dz. . [18] 
heAg 0 


Three of the terminal temperatures must be given in the state- 
ment of the problem. There are four possible combinations of 
the three temperatures, and the solution for each case will be 
given. 

Case 1. Given 6, #:, and To: 

From Equation [14] 


6, — Ty = yomeP” + yonet”.........005- [20] 


Substituting Equations [19] and [20] into Equation [18] 

W rer (2 = r) W oce (2 <a =) m n 
+ Ahsan = 
hrAr Ch) a= To hoAe 6—T Pp q 
af ae L (: a L 
m= + —) 4 +n |= + ——'] ef... [21] 
(: hpAp q  hrAr 
Equation [21] fixes the value of L. 


Case 2. Given 6, Ti, and To: 
Substituting 6; from Equation [20], the solution is 


Wrer =) Woce a mm 
aan re 5c a 


hoeAg 00 a To 


1 W 6co oY e Ta) uf, 
Sar | alert 22 
n(? Heel +n F heAe é [22] 


Case 8. Given 6, :, and 7): 

The solution may be readily obtained by changing the direc- 
tion of the z-axis and interchanging subscripts 0 and 1 of the 
terminal temperatures. Note that this requires changing % to 
z, in the equations defining m and. The solution is 


W rer (2 ih cs a W eco (* 7 4) at m 
hrAr DL T, hoAg ir Ts Pp 
1 as ery ( 1 te) —=gl, 
=m\ +-+—*)e"P¥t+n(+-+—— Je %.. [23] 
( Pp hrAr q hrAr 
Case 4. Given #1, T:, and To: 


n 
fe 
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The solution is found as in Case 3 


W rer é a2 zi) W oce e — “) mon 
jigdie Nepea f a Be 


hoeAe \@, — Ty 


Calculation of Heat Loss: 
Case 1. Given 6, i, and Jo, or 6, 71, and To: 
T, or 6, may be calculated from y; where 


yr = yomeP= + yonet” 


Knowing the terminal temperatures, the heat loss may be calcu- 
lated 

Case 2. Given 6, Ti, (i, or To, Ti, & 

To or 0) may be calculated from 


Note that 2 must be changed to 2 in the equations defining m 
and n. 
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The three basic equations for parallel flow are 
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By a treatment similar to that for countercurrent flow the solu- 
tion is found to be 


Ree e/*)2 + 1 
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at sh D) seh 
hpAr heAo hA, 
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and 
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If h,A, = 0 
UeAe Woce 
= ED \ eal ef 31 
Y = Yo en] ee a | [31] 
If h,A, > © 
heAg hrAr 
= = Sb e — 32 
y = (6 — 6,)exp ( Weee :) (To apern ( ae [32] 


Exchanger Length. The equation corresponding to Equation 


[18] is 
L 
W rep W oce iP 
i To) — 6 6) = 6 — T)dz. . [33 
pean a 0) eH 0) 3 ( )dz. . [33] 
bs L on 
yf o—ma- ff ydz = yo— (ePe — 1) 
0 c¢) Pc 
Miaiy eRe) aL ah. 134] 
Case 1. Given 60, (1, To: 
W rer (: Sal a W ece (4 = a UL ae Ne 
hrAp 0 — To heAg 6 — To Pe qa 
1 =) EG (: Wan) L 
=e Ne eRe eat ge te See [35 } 
(2 hrAr qe hrAr 


Case 2. Given 6, T1, To: 
W rep (2 — a re W eco a — | mM, y N 
h7yAg 6 — To heAe \% — To Pc qe 
1 W ace ( 1 a 
= se itr Cae Beary Mo See et 36 
mM, ea + 1. a e [36 } 
Case 3. Given 6, 0, Ti: 
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Note that 2 becomes z in m, and n,. 


Case 4. Given 6;, T;, To: 
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Note that 2% becomes z; in m, and n,. 
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EXAMPLE 


An exchanger of the type shown in Fig. 1 is employed to ex- 
change heat between two air streams. Stream @ with a flow of 
10,000 Ib per hr is to be cooled from 1000 F to 350 F by 9500-Ib 
per hr air entering at 300 F. Each air stream has a surface of 50 
sq ft per ft of exchanger length and a corrected film coefficient 
of 20. The exchanger is lightly insulated, and the outside con- 
ductance, based upon a surface of 5 sq ft per ft of exchanger 


, length, may be considered uniform at 1 Btu per hr per sq ft 


per deg F. Consider the specific heat of the air for each stream 
as constant and equal to 0.25 Btu per lb. Surroundings are at 
100 F. Calculate the outlet temperature of the cold stream and 
the required exchanger length. 


Solution. (Countercurrent exchanger) 
10,000 
2 =) 1:053 
9500 
6.— 9, 350 — 100 
hyALS 5 = ——— = = 
1 = Te 3502300 
heAge = 1000 
hrAr = 1000 
1.053 1 
= —— + -— ] = 0.010265 
Pee (128 te as) : 


r= V/ (0.053 + 0.010265)? + 0.04106 = 0.212 


I a ee {2 —— 0.053 — 5 (1, — 10) co.0020ss) = 0.593 


1 
= —— 4 0.212 0 oy —1 : = 0. 
n 0. {0 212 + 0.053 + 5(1 0) (0 onansay 0.407 


1 
Soy iar 
1000 1000 1000 


498 10830 nd 
oat ed 10 = 08S = 
p= 2x 10,000 X at ‘ ee al 


UogAg = 


= 498 


= 0.01583 
498 1.053 1 
= 0212 — 0.088 $25( = 
7 * 90,000 X ml Le aa) 
= —0.0264 
6 = 350 6, = 1000 Ty = 300 
®—T _ 1000~ 300 _ 5, &—% _ 1000350 _ 
i= 7, © 350 = 300s —T. . 350 — 300 
Using Equation [21] 
9500 X 0.25 10,000 x 0.25 0.593 
Se SS 3 
( 1000 s) “f ( i000 * s) + 0.01583 
0.407 1 9500 X 0.25 
0508 | ee 0.01583 
HS Qo oe (sam + ~To00 ) exo O1bRat? 
1 9500 X 0.25 
0.407 {| — 0264L 
a ( 0.0264 1000 ) Dr OAL) 


Simplifying 
2.26 = exp(0.01583L) — 0.372 exp(— 0.0264L) 


By trial and error 


L = 54 ft 
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Cold Gas Outlet: 
Y _ 9.593 exp(0.01583 X 54) + 0.407 exp(—0,0264 x 54) 
Yo 
SAL 
1000 — Ti = 1,491 
350 — 300 
T, = 925 F 


For Adiabatic Exchanger: 
10,000 x 650 = 9500(7, — 300) 
T, = 984F 


Mean temperature difference = L.M. of 50 and 16 = 30 deg F 
i= 10 


2500 < 650 
Exchanger length = —————— = 108 ft 
30 X 10 « 50 
TABLE 1 COMPARISON OF EXACT AND ADIABATIC VALUES 
Exact Adiabatic 
Outlet temperature, cold gas, deg F..............- 925 984 
Temperature difference, hot end, deg F.. Ae A 75 16 
Exchanger length required, ft...........0e+es000- 54 108 
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Discussion 


R. 8. Leren.* In reviewing this paper, mathematics and dis- 
cussion of the author’s derivation are to be omitted, since the 
writer agrees with this method as being one of several equally 
accurate methods available for use, although a much simpler 
method will now be given. 

For the better understanding of the problem two sets of curves 
have been drawn, Figs. 4 and 5 of this discussion, based on vary- 
ing lengths and varying degrees of insulation, with all other fac- 
tors as in the paper. Case 1 is set up as a completely insulated 
exchanger where the loss through the insulation is taken as zero. 
Case 2 is a moderately insulated exchanger with the over-all 
coefficient from either the gas side or the air side to the outside 
equal to 0.214 Btu hr~! ft~? deg F~!.. This corresponds to 2 in. 
of 85 per cent magnesia. Case 3 is the lightly insulated exchanger 
as used in the example by the author, where the over-all coefficient 
equals 0.952 Btu hr! ft~? deg F.~? 

After calculating the exchanger, taking lengths of 27, 54, 81, 
and 108 ft, we find that the losses through the insulation and out 
the stack result in the curves shown in Fig. 3. In any heat-trans- 
fer apparatus or part of a heat cycle, the item of interest is the 
over-all efficiency. In this case, it may be seen that for a lightly 
insulated (case 3) exchanger, there is a maximum efficiency at 
about 65 ft of length. To equal the efficiency of a 54-ft-long 
(case 3) exchanger, the moderately insulated exchanger (case 2) 
would be only 37 ft long and the (case 1) perfectly insulated ex- 
changer would be 35 ft long. Naturally, the lightly insulated 
exchanger would have the lower gas temperature leaving, but 
this would be due to losses, not to greater efficiency. 

Fig. 5 illustrates the various gas and air temperatures obtain- 
able with varying amounts of insulation and varying exchanger 
lengths. Of interest is the fact that the log-mean-temperature 


$ Project Engineer, Development Department, Chase Brass & 
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difference is fixed for any length, regardless of the amount of in- 
sulation. The quantity of heat actually transferred from the 
gas to the air divided by the over-all coefficient, 10 Btu hr~! ft~* 
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deg F~—! times the area per foot of length times the length in feet 
equals the log-mean-temperature difference and is also constant 
for any given length. A solution based on this should give a 
simpler derivation than that in the paper. The amount of heat 
removed from the gas is simply this given amount plus the losses 
on the gas side. The amount of heat leaving the exchanger in 
the air is equal to this given amount minus the losses on the air 
side. 

The solution in which the insulation is neglected (case 1) is 
simple to calculate. From this calculation the number of 
Btu per hour actually transferred may be determined, as well 
as the log-mean-temperature difference for any given length. 
To this quantity of heat add the gas-side losses and divide by 
pounds of gas per hour times the specific heat, to obtain the gas 
temperature drop. Then subtract the air-side losses from the 
given quantity of heat transferred and divide by pounds of air 
per hour times the specific heat, to obtain the air temperature 
rise. 

Of interest is the slight difference between a moderately in- 
sulated (2 in. of 85 per cent magnesia) exchanger, case 2, and a 
completely insulated exchanger, case 1, indicating that the re- 
sults obtained in the paper were exceptional only because the 
losses were allowed to be excessive. 

The effect of the friction should be included in any problem 
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such as this, since the friction on either the gas or air side tends 
to increase the leaving temperature slightly. This gain would 
tend to offset the loss through the insulation. 

The use of standard symbols and nomenclature should be en- 
couraged and every effort bent to this end. 


AurTHoR’s CLOSURE 


The author is not aware of any other methods to, solve the 
heat-loss problem, other than a tedious step-by-step integration. 
Unfortunately, no references are given in the discussion. The 
author cannot agree with Mr. Leigh that his method offers a 
solution to the problem. It should be obvious that the loga- 
rithmic mean cannot be used as the mean temperature difference 
in a nonadiabatic exchanger. 

Contrary to Mr. Leigh’s statement, the effect of frictional 
work on a fluid in a heat exchanger usually has negligible signifi- 
cance on the fluid temperature. This is true because the change 
in temperature with change in pressure, under adiabatic condi- 
tions (Joule-Thomson coefficient), is very small except for a gas 
near the critical region. For a perfect gas the Joule-Thomson 
coefficient is zero. If one wishes to take the effect into account 
the result is almost always a cooling, not a heating,’ of the fluid. 

The author regrets that, through ignorance, standard symbols 
were not used in the paper. 
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Temperature Uniformity in Heating-Up 
Processes 


By M. P. HEISLER,1 NEW YORK, N. Y. 


The treatment of temperature-uniformity problems by 
the method first introduced by Paschkis is extended and 
enlarged. It is shown that uniformity calculations can 
be reduced to the solution of a simple trigonometric rela- 
tion which can be readily solved and analyzed. Standard 
Gurney-Lurie charts for cylinders and spheres are given in 
a more complete form than is available at present. A 
chart is included for determining temperature history in 
plates subjected to two-dimensional heat flow. Finite 
cylinders are discussed and three-dimensional heat-flow 
problems are briefly considered. 


INTRODUCTION 


temperature-uniformity problem results when a body 

is to be heated to a given surface and a given center 

temperature. Such a problem cannot be directly solved 
by means of the standard heating charts because the furnace 
temperature and the heating time required to produce the speci- 
fied uniformity are not known. The possibility of applying the 
simple heating and cooling charts of Groeber, Hottel, Schack, 
Newman, and others to temperature-uniformity calculations was 
first recognized by Paschkis.2 He prepared a set of curves from 
the Groeber charts and thereby introduced a fundamentally new 
parameter, which he called the “‘temperature-uniformity factor.” 
This temperature-uniformity factor, which he defined as (sur- 
face temperature — center temperature) /(surface temperature — 
temperature of surroundings), was obtained by eliminating the 
furnace temperature from the standard dimensionless tempera- 
ture ratio Y, used in all of the charts mentioned. By eliminating 
the furnace temperature Paschkis was able to derive a new set of 
curves from which, given only the final surface and center tem- 
peratures to which the workpiece was to be heated, the unknown 
furnace temperature and heating time could be found, provided 
that the following conditions prevailed: 


1 Workpiece was of a simple shape; plate, cylinder, or sphere. 

2 <A suddenly impressed and thereafter constant furnace 
temperature was used. 

3 Workpiece had constant thermal properties, i.e., properties 
were temperature-invariant. 

4 There was constant boundary resistance throughout the 
heat period. 

5 Uniform surface temperatures existed, e.g., on opposite 
sides of a slab or plate. 


Unfortunately, these conditions are never met in practice, 
although in particular cases they may be approached. In gen- 
eral, the use of constant average thermal properties in place of 
the true temperature-varying properties results in relatively 
slight error. The assumption of simple shape introduces an error 


1 Heat-Transfer Research Laboratory, Columbia University. 

2‘Mlectrische Industrieofen fiir Weiterverarbeitung,”’ 
Paschkis, Julius Springer, Berlin, Germany, 1932. 

Contributed by the Heat Transfer Division and presented at the 
Annual Meeting, New York, N. Y., November 26-29, 1945, of Tau 
AMERICAN SocintTy or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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proportional to the degree to which the actual shape approximates 
the assumed one, but it is difficult to measure the exact degree of 
approximation. The influence of boundary resistance is even 
more difficult to gage, because boundary resistance is, among 
other things, a function of the temperature difference existing 
between furnace and surface of stock and therefore is subject to 
wide variations during the heating cycle. 

In fuel-fired furnaces, constant furnace temperatures are 
virtually nonexistent. If the charge and furnace are heated-up 
together, the cold walls and charge will lower the initial furnace 
temperature. Even after the walls and charge are heated up 
there will still be temperature fluctuations caused by the tem- 
perature control. It may be argued that these latter temperature 
fluctuations are never very large, yet if they are compared with 
the temperature differences encountered in the stock at the end 
of the heating period it will be seen that they may have con- 
siderable influence on the temperature uniformity. Similar 
arguments can be made for cases where the cold charge is suddenly 
introduced into the hot furnace. 

Finally, uniform surface temperatures seldom prevail, whether 
the charge be heated from one or from all sides. Skids, hearth, 
contact with neighboring stock, corners, edges—all tend to pro- 
duce unequal temperature distributions on the surface. Never- 
theless, for the sake of obtaining some numerical] values average 
conditions are generally assumed. Very often, even though only 
approximate, analytical methods yield valuable results. 

Of these factors the relative boundary resistance m is of par- 
ticular importance because the accuracy of the analytical solu- 
tion depends largely upon how accurately m is known. It has 
become standard practice to use an average surface heat-transfer 
coefficient in calculating the relative boundary resistance, the 
proper choice of the average value leaning heavily upon practical 
experience. In many instances the engineer has little to use as a 
guide and the boundary resistance used in his calculations may 
then largely be the result of concentrated wishful thinking. 

In general, surface heat transfer occurs mainly by radiation 
from some constant furnace temperature to a lower varying sur- 
face temperature. It is suggested here, as an initial step in 
placing the determination of a suitable average boundary resist- 
ance on a rational basis, that an average surface temperature be 
used in calculating the surface heat-transfer coefficient. For 
example, consider a slab, initially at 70 F, heated in a 2000 F 
furnace. If it can be assumed that heat transfer takes place 
largely by radiation, then the conditions illustrated in Table 1 
exist. In the table, column 1 shows various surface temperatures 
of the slab; column 2 shows h values for black-body radiation 
from 2000 F to the given surface temperature; column 3 shows h 


TABLE 1 HEATING-UP DATA FOR SLAB IN 2000 F FURNACE 


Surface temperature, h Y Temperature 
Btu/(sq ft) (br) (deg F) h/102 (deg F)/2000 
0 31.2 .306 i) 

200 35.0 0.344 0.1 
400 38.8 0.390 0.2 
600 43.3 0.425 0.3 
800 49.0 0.481 0.4 
1000 54.8 0.537 0.5 
1200 62.0 0.608 0.6 
1400 70.0 0.686 0.7 
1600 80.0 0.785 | 0.8 
1800 90.0 0.883 0.9 
2000 102.0 1.0 1.0 
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expressed as a fraction of its value at 2000 F; and column 4 the 
surface temperature expressed as a fraction of the final value of 
2000 F. It can be seen that h is directly proportional to the sur- 
face temperature over a large part of the temperature scale, the 
proportionality becoming better as the temperature increases. 
This latter fact is particularly important because the surface will be 
at high temperatures for a considerably longer time than it will 
be at low temperatures. It is evident, then, that a time average 
of the surface temperature will be nearly proportional to a time 
average of the boundary resistance m. A relatively simple 
method for determining the time-average surface temperature 
will be given later. 

In most instances the workpiece is heated to a center tempera- 
ture that will be as near to the final surface temperature as an 
economical heating time will permit. In problems of this type 
two m values must be used. One based upon the time-average 
surface temperature, to find the heating time; and the other 
based upon final surface temperature, to find the temperature at 
the center. To make this clear consider two identical slabs, one 
at the temperature of the surroundings, the other at a uniform 
temperature of 1000 F. The slabs are put into a 2200 F furnace 
at the same instant and are kept there until the surfaces reach a 
temperature of 2180 F. It is evident that when the surfaces of 
the slabs reach 2180 F (at different times, of course) their respec- 
tive center temperatures will, for all practical purposes, be very 
nearly identical. However, if the center temperatures are calcu- 
lated in the customary manner from heating and cooling charts, 
they will not appear to be the same because the average boundary 
conductances will be based in one case upon initial radiation from 
2200 to 1000 F, and in the other case on initial radiation 
from 2200 F to the temperature of the surroundings. What 
actually happens is the following: 

As the final surface temperature is approached there is little 
change in the boundary resistance because of little change in sur- 
face temperature. As a result, the center temperature which 
originally lagged considerably behind the fast-changing surface 
temperature, has time to catch up to the now slowly changing 
surface temperature and assumes values determined, not by the 
time-average surface temperature, but by the actual surface 
temperature at the end of the heating cycle. It is evident then 
that in any heating to a high degree of uniformity the center tem- 
perature should be determined from the boundary conductance at 
the end of the heating cycle. This can then be adjusted to take 
care of the slight lag which will still exist between center tem- 
perature and surface conductance. 

A temperature-uniformity problem therefore resolves itself 
into determining average and end boundary conditions. The 
first will yield the heating time, the second the furnace tempera- 
ture. The determination of the latter is the simpler and will be 
considered first. 


NOMENCLATURE 


m = relative boundary resistance, (conductivity) /(surface 
heat-transfer coefficient) (half thickness) 
m, = relative boundary resistance for two-dimensional heat 
flow, based upon half thickness in direction of x-axis 
m, = relative boundary resistance for two-dimensional heat 
flow, based upon half thickness in direction of y-axis 
t’ = furnace temperature or temperature of hot ambient 
t = surface temperature 
t° = center temperature 
t, = uniform base temperature of solid 
1, = time-average surface temperature 
t, = temperature in solid at distance x from center 
t* = edge temperature of long rectangular rod 
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X = dimensionless time (diffusivity) (time)/(half thickness 
squared) 

X = value of dimensionless time when surface has reached 

final temperature 

dimensionless time for two-dimensional heat flow, based 

upon half thickness along z-axis 
dimensionless temperature ratio at distance’ x from cen- 
ter of solid (furnace temperature—temperature at 
point x) /(furnace temperature — base temperature) 

dimensionless temperature ratio at surface of solid 
(furnace temperature—temperature of surface) /(fur- 
nace temperature—base temperature) 

dimensionless temperature ratio at center of solid, (fur- 

nace temperature—center temperature) / (furnace tem- 
perature—base temperature) 

Y, = dimensionless temperature ratio for finding average 
surface temperature (furnace temperature—average 
surface temperature)/(furnace temperature—base 
temperature) 
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It was pointed out that in furnace calculations it is customary 
to make use of dimensionless parameters, m, X, and Y. Many 
charts by Newman, Hottel, Bachmann, Gurney-Lurie, etc., have 
been plotted which give the temperature history of simple shapes 
like semi-infinite plates, infinite cylinders, and spheres. All of 
these charts, with the exception of Bachmann’s, are plotted as 
functions of m, X, and Y. 

Some modifications must be made in these standard charts be- 
fore they can be used for temperature-uniformity calculations, 
because neither the furnace temperature nor the heating time is 
known. However, once the surface and center temperatures of 
the workpiece are specified and the relative boundary-resistance 
factor m is determined, the furnace temperature and the heating 
time are fixed. To see that this is true consider the following 
equation, which applies to the heating-up of semi-infinite plates 


@ 


t'—t, > ; 2(sin w,)(cos w,x) exp (—2w,?X) 


gee w, + (sin w,)(cos w,) 


% 510) 


k=1 


where w, is defined by the characteristic number equation mw = 
cot w, and 


t, is temperature, varying with distance x and dimensionless 
time X 

t’ is temperature of hot ambient—furnace temperature © 

Y, is relative temperature at position # and time X 

t, is initial temperature of slab 


Now, it is a fact that in the expansion all terms after the first 
can be neglected for X in the neighborhood of 0.2, since for 
values of X larger than 0.2, these terms rapidly vanish. To 
illustrate the extreme rapidity of convergence, consider the first 
two roots of mw = cot w when mis equal tol. The first root is 
w = cot w = 0.8603; the second root is w = cot(w + m) = 3.4256. 
Suppose X is equal to 1. Then, for the first root exp (—w?X) be- 
comes 0.477, and for the second root 0.0000076. Thus if only 
the exponential factor is considered, it is obvious that the second 
term in the expansion becomes insignificant; the trigonometric 
factor serves to reduce the numerical value even more. Since 
the values of X encountered in temperature-uniformity calcula- 
tions are generally very much greater than 0.2, Equation [1] can 
be reduced to 


_ 2(sin w)(cos wx) exp (—w?X) 


Baie w + (sin w)(cos w) lz} 
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where the first root of mw = cot w determines w. In the deriva- 
tion of Equation [1] it was assumed that the origin was at the 
mid-plane of the slab. Therefore at the surface x = 1 and at 
the center c = 0, and 


t'—t _ 2sin w)(cos w) exp (—w?X) 


f = = 

payace), 2. t'—t, w + (sin w)(cos w) Bi 
Fite eee) B 2(sin w) exp (—w?2X) 

(center) \é ater Re a aa VGbs YY a (and yiGes wy Tee (4] 


where t is the surface temperature and ¢° the center temperature 
of the slab. Dividing Y by Y° gives 


Vi /Vicus= ACOS Cn (Ui) (Gee bes) ci eee i (5) 


Equation [5] is plotted in Fig. 1 as a function of m; and since 
m, t, and t° are known, the unknown furnace temperature ¢’ can 
be found. To find t’, enter Fig. 1 with the known m as abscissa, 
go vertically to the curve for the plate and thence horizontally 
and read the ordinate. The ratio (t’ — t)/(t’ — ¢°) will hereafter 
be called the relative-temperature-uniformity ratio, since it is a 
measure of the relative temperature uniformity existing between 
stock and furnace at the end of the heat period. 
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Equation {5] shows that the furnace temperature is a function 
only of the relative boundary-resistance factor m and the given 
surface and center temperatures. If it were possible to have an 
infinite heat-transmission coefficient h, m would become zero, cos 
w would also become zero, and the surface temperature would 
equal the furnace temperature. For any given surface and center 
temperatures m is a direct measure of the required furnace tem- 
perature. If mis large, which, other things being equal, is tanta- 
mount to having poor surface heat transmission, cos w approaches 


. 1. This means that a high furnace temperature is necessary to 


produce the desired uniformity. Conversely, if m is small the 
furnace temperature approaches the surface temperature as a 
minimum. The equation clearly shows that lower furnace tem- 
perature and better temperature uniformity within a given time 
are obtained by increasing surface heat transmission from flame to 
stock. 

By comparison with the Gumey-Lurie-type charts it can be 
seen that small m’s also imply low heating times. The relation of 
furnace temperature and heating time to boundary resistance is 
shown in Fig. 2. The curves were obtained from Fig. 1 and 
illustrate how heating times and furnace temperatures increase 
with boundary resistance. The curves shown hold for a slab 
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heated to a surface temperature of 2100 F and a center tempera- 
ture of 2000 F. The dimensions and thermal properties of the 
slab are not given because the curves are intended to show trends 
only. For the sake of illustration no distinction was made be- 
tween average and end boundary conditions. 

In the introduction it was pointed out that the relative bound- 
ary resistance m is a function of the furnace temperature. Since 
the furnace temperature is not known, the relative boundary re- 
sistance cannot be directly determined, and inversely, since the 
boundary resistance is not known the furnace temperature and 
heating time cannot be calculated. One of the necessary calcu- 
lations in furnace design is a plot showing the relation of the sur- 
face heat-transmission coefficient to furnace temperature. This 
chart must be calculated from the various flame characteristics, 
such as thickness of flame, composition of the hot gases, amount 
of dissociation, luminosity of the flame, emissivity and tempera- 
ture of the surface, and the like. From this chart the surface 
heat-transmission coefficient can readily be converted into the 
relative boundary resistance m. Since the furnace temperature 
increases with increasing h, it will decrease with decreasing m. 
Suppose that the broken line in Fig. 2 is this calculated tempera- 
ture versus end m relation for the given flame properties. Then 
the intersection of the broken temperature line with the solid 
temperature line (determined from Fig. 1) gives the value of m 
and the furnace temperature that will, approximately, produce 
the desired temperature uniformity. 

The heating time is determined from the same heat-transmis- 
sion curve from which the furnace temperature was determined, 
but in this case an average misused. To illustrate, suppose such 
a heat-transmission chart is available and that the time-average 
surface temperature over the heat period is known. With this 
average surface temperature the average surface heat-transfer 
coefficient can be read directly and therefore the average m is 
determined. With this m, the heating time can be found from 
the standard heating-cooling charts. The average surface tem- 
perature is found as follows: 


<0 OSA 6 
avg 0 Xo 


where Xo is the value of the dimensionless time when the final 
surface temperature is reached. Therefore 


- xe y 2(sin w,,) (cos w,) exp (—w,?X)dX 
BE w/s0) Xo(w, + sin w,°cos w,) 
k=1 
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ME > 2(sin w;,)(cos w,) [1 — exp(—2w;?2Xo) J 


W,2Xo(w, + Sin Ww; * COS W;) 


k=1 
Since X, is greater than 0.2 this can be simplified to 
y as Y [exp (w?Xo) — 1] ” t’ — ta 
ey wX 9 FS PSG. 


where ¢, is the average surface temperature during the interval of 
exposure. Eliminating Y, this can be written 


p: exp(w?Xo) — 1 
= weXo 


Values of w? can be read from Fig. 3 and values of Y, from 
Fig. 4. The use of the charts will become clear from the following 
example: A 6-in. steel slab of diffusivity 0.5 sq ft per hr, con- 
ductivity 25 Btu/(ft)(hr)(deg F) is to be heated to a surface 
temperature of 1970 F in a furnace at 2070 F. The temperature 
of the surroundings is 70 F. Heat transfer is assumed, for sim- 
plicity, to take place by radiation only, although it should be 
noted that the method will apply to any heat transfer for which a 
curve can be drawn. What is the average surface temperature 
over the interval? What will be the temperature at the center 
at the end of the heat period? 
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The temperature-time curve of the surface is reasonably para- 
bolic. Therefore assume an initial average surface temperature 
of (2/3)(1970) = 1315 F. From radiation charts,? for radiation 
between two infinite parallel plane surfaces, one at 2070 F and 
the other at 1315 F, the surface heat-transmission coefficient h is 
found to be 70 Btu/(sq ft)(hr)(deg F). Therefore m = (25)/ 
(70)(3/12) = 1.43. From standard cooling charts,’ for m = 1.43 
and Y = (2070 — 1970)/(2070 — 70) = 0.05, Xo is found to be 
4.9, From Fig. 3, when m is equal to 1.43, w? is 0.565. There- 
fore w?X) = 4.9 X 0.565 = 2.77. From Fig. 4, Y, = 5.45 = 
(2070 — t,)/(2070 — 1970). Solving this, f, is found to be 1525 
F. 

The procedure is now repeated with the new t,. Fort, = 1525, 
h is 80 Btu/(sq ft)(hr)(deg F). Solving for m, we find it to be 
1.25. From this Xo = 4.35 is obtained and also w? = 0.628. 
From Fig. 4, for w?X9 = 0.628 X 4.385 = 2.73, Y, is read as 0.53. 
Solving, it is found that the average surface temperature is 1540 
F. This is sufficiently close to the previous value and further 
refinement is unnecessary. 

To find the center temperature proceed as follows: For radia- 
tion between 2070 and 1970 F, McAdams? gives an h of 110 
Btu/(sq ft)(hr)(deg F). From this m is 0.91 and from Fig. 1 
(t’ — t)/(t’ — to) is 0.629. Solving for t gives t = 1875 F. 

The difference between average and end-boundary-resistance 
ratios is pronounced, and it is evident that quite different center 
temperatures will be obtained with both m values. Strictly 
speaking, neither temperature will be exact, but that obtained 
from the final boundary conditions will certainly be more correct 
than that obtained from average boundary conditions. 

The foregoing analysis was carried through for a semi-infinite 
plate. Equations similar to Equation [5] are derived in the 
Appendix for infinite cylinders and for spheres. It is sufficient 
here to remark that the curves shown in Fig. 1 for cylinders and 
spheres can be used in the manner described for the semi-infinite 
plate. Average surface-temperature equations can be easily de- 
rived. One restriction is placed on all these curves; they apply 
only for values of X equal to or greater than 0.2. However, this 
does not detract from their applicability because, as is shown, 
values of X encountered in’ temperature-uniformity calculations 
are always far greater than 0.2. 

Figs. 5 and 6 are included here because no standard heating- 
cooling charts of the Hottel type are available for cylinders and 
spheres, and temperature-uniformity calculations frequently re- 
quire the use of curves which give small temperature ratios accu- 
rately. Only the center temperatures are given. To find the 
surface temperatures, multiply the ordinate from Fig. 5 or 6 
with the corresponding ordinate from Fig. 1. Figs. 5 and 6 give 
Y° = (t’—t°)/(t’ —t,), and Fig. 1 gives (t’/ —t)/(t/—t°). The 
product gives (t’ — t)/(t’ —t#,), from which the surface tempera- 
ture can be found. A more complete discussion is given in the 
Appendix and the relation is extended to include all in-between 
points. 

It should be emphasized that the relative temperature-uni- 
formity ratio and the uniformity factor are not single-valued . 
parameters and do not in themselves determine a unique solution 
of the problem. To see that this is true consider the uniformity 
factors 1 — (1900/2000) and 1 — (3800/4000). The factors are 
numerically equal and give the same heating times, based upon 
the Paschkis charts,? but they will not result in the same furnace 
temperatures. Similarly, a given relative temperature-uni- 
formity ratio has an infinite number of dimensionless time ratios 
X. The system is uniquely determined only by the parameters 
Y,m,and X. The relative temperature-uniformity ratio and the 
uniformity factor are auxiliary parameters which show certain 


“Heat Transmission,’ by W. H. McAdams, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1942. 
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relations that exist among the different variables; the former ties 
in the furnace temperature and the latter the heating time with 
boundary resistance and surface and center temperatures. Each 
depends upon the other; if taken together they eliminate the 
necessity for using the standard cooling charts, but they cannot be 
combined into a single chart. 

Summary. In the preceding paragraphs simple equations 
have been presented which enable uniformity calculations to be 
made readily. It is pointed out that the simplicity of the rela- 
tions derived makes it a comparatively easy task to determine the 
mutually dependent furnace temperature and relative boundary 
resistance. Temperature-time-space curves are given to supple- 
ment and add to those available at present. 


Two-DIMENSIONAL Heat Flow 


The definition of temperature uniformity is based upon maxi- 
mum surface and minimum mid-plane temperatures. In two-di- 
mensional heat flow maximum surface temperatures occur at the 
edge. In the heating of a plate infinite in one direction only, for 
example, a long rod, or a short plate insulated on two opposite 
faces, if the origin of a rectangular system of co-ordinates is 
thought of as placed at the geometric center of the plate, Fig. 7, 
it is shown in the Appendix that edge, center, and furnace tem- 
peratures are related by 


(t’ — t*)/@¢' —t°) = (cos w),(cos w)y.....---- [7] 


where as before t’ and ¢° are furnace and center temperatures, 
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respectively; ¢* is the edge temperature; cos (w); and (cos w), 
are found from Fig. 1 by calculating the relative boundary re- 
sistances m, and m, for heat flow in the «- and y-directions, respec- 
tively, just as is done for one-dimensional heat flow. Since t* 
and ¢° are given by the specifications and m is assumed for the 
present to be known, the furnace temperature t’ can be found 


Fie. 7 Y-Facror Renations ror Two-Dimensionat Heat FLow 
IN PLATE 


A chart similar to Fig. 1 can be plotted, but in place of a single 
curve there will be a family of curves with either m, or m, as 
abscissa and m, or m, as parameter. In general m, will not be 
equal to m,. 

If the sides of the body are of equal length, (cos w), will equal 
(cos w), and (t’ — t*)/(t’ — t°) will equal (cos w,)? = (cos wy)?, 
since the two will be numerically equal. In this case the solution 
can be obtained from Fig. 1 and the standard heating-cooling 
charts. For example, let m, = m, = 1, and let the surface 
temperature be 2100 F and the center temperature be 2000 F. 
From Fig. 1 and Equation [2] 


(t’ — t*)/(t’ — t°) = (0.654)? = 0.428 


Therefore t’ = 2172 F. From Equation [18] of the Appendix 
the temperature ratio at the center is 


+/ (2172 — 2000)/(2172) = V/ 0.0781 = 0.2795 


From the cooling curves for m = 1, X is found to be 1.88. 

When the sides are not of equal length, the cooling charts for 
one-dimensional heat flow cannot be used. As yet only a few 
two-dimensional charts have been prepared (an unpublished work 
by Rohsenow and his co-workers at Yale University, under direc- 
tion of Professor Wohlenberg). To cover completely all con- 
ditions requires an inpracticably large number of such graphs. In 
the second section of the Appendix it is shown that the system, in 
so far as temperature-uniformity problems are concerned, can be 
completely defined by the six parameters m,, m,, z/y, Xz, 1 — 
t°/t’, and 1 — t*/t’. X, is the dimensionless time ratio, with 
thickness squared being the square of the length of the smallest 
side; z/y, a shape factor, is the ratio of the lengths of the sides. 
The other parameters have already been described. To cover 
completely all practical combinations of these variables would 
require (for 15 values of my and 5 of x/y) 75 charts of conven- 
tional form for each of the two temperature ratios, or 150 charts in 
all. Such a presentation is obviously out of the question. If an 
intersection chart is substituted, however, it is possible, by im- 
posing a few restrictions which will be considered later, to cover in 
a single chart most of the cases met in practical applications. 
A chart of this type, applying to plates only, is shown in Fig 8. 

The chart is somewhat more difficult to use than the simple 
cooling charts, but some sacrifice in simplicity must be made in 
order to obtain generality. For temperature-uniformity calcula- 
tions m,, m,, z/y, and Y° will be known (Y° having been found 
from Fig. 1) and the unknown will be the relative heating time 
Xe Loyfindexsss 
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1 With the given m, as abscissa go to the first quadrant and 
locate the intersection of the vertical from m, with the curve of 
constant m,. From the point of intersection proceed horizontally 
to the second quadrant and locate the point of intersection with 
Nae 

2 With the given z/y as abscissa enter the fourth quadrant, 
go horizontally to m,; from my proceed perpendicularly to m, 
and thence horizontally to X. The intersection of this horizontal 
with a perpendicular from the value of Y ° located in the first step 
determines X. 

As an example, the case of the square bar, solved previously by 
using the one-dimensional cooling chart, is shown (dotted line in 
Fig. 8). In this case enter the fourth*quadrant at z/y = 1 and 
the first quadrant at m, = 1. The intersection in the third 
quadrant gives X, = 1.88. 

Fig. 8 is not restricted to temperature-uniformity calculations, 
but can be applied to heating and cooling problems in general. 
However, in any problem neither X, nor X, should be less than 
0.2 for values of m equal to zero. For larger m values, X less 
than 0.2 may be used, a simple criterion being to refer to the 
Gurney-Lurie charts and find for what value of X the lines of 
constant m have not begun to curve. ; 

In the terminology of this paper X, will always be less than X,, 
because X, = Xz(x/y)?. Therefore for small values of z/y, X, 
should always be calculated to find out if it is within the imposed 
limit. In general, though, small values of x/y will mean that heat 
flow in the y-direction is of negligible influence; therefore these 
cases can be treated as one-dimensional problems, using the 
standard charts. Fig. 8 can be applied to nearly all problems 
that cannot be treated one-dimensionally. 


Appendix 


Infimte Cylinders. Bodies having circular symmetry can be 
treated in a manner similar to that used for plates. The equa- 
tion, in dimensionless form, for the heating-up of an infinite 
cylinder, or a short cylinder insulated at both ends, can be written 


o 


y Wi (ux) J xy et 
¥(2,X) = 1(Ux) So(upx) exp (AX) | Risers: 
and Jo?(ux) + Jr?(uz) Uz 
where u, is defined by Jo(u) = muJi(u). 

It is true also for cylinders that the values of X encountered in 
temperature-uniformity calculations are such that in the expan- 


sion all terms after the first become negligible. Therefore 
Equation [8] can be reduced to 
2Ji(u)Jo(u) exp (—u2X) 1 
surf; SC Fe san te ene 9 
(surface) Te%(u) + Ji2(a) 7 {9] 
: 2J,(ujexp(—w?X) I 
cente eee Ga pee Sn oae~ 10 
(center) dg FG on {10] 
Proceeding as before 
IPA a IO) Ss OAC IS eRe SS {11] 


Jquation [11] is plotted in Fig. 1 (see curve for cylinder). The 
furnace temperature is found in the same manner as was pre- 
scribed for the plate. The heating-up time can be found from 
the cooling chart for the cylinder, Fig. 5. Charts other than the 
Gurney-Lurie type are not suited for temperature-uniformity 
calculations because they do not have accurate readability in the 
small temperature ratios. Charts are given only for center - 
temperatures because, as was pointed out previously, tempera- 
tures for the surface can be found from the relation Y°(Y/Y°) = 
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Y. This relation is exact for all values of Figs. 5 and 6 in which 
the temperature curves are straight lines and this covers prac- 
tically the entire range of the charts. Little is lost by not being 
able to use this relation in the small remaining portion of the 
charts because Gurney-Lurie type charts are not suited for 
temperature ratios at small values of X; these can be found best: 
by charts derived from short-time expansion formulas. 
Spheres. The equation for the sphere is 


Vieroie > 9 fin 0, — D, COS V,)exp (—v,2X) { sin (v,2) [12] 
neil 


v, — (sin v;) (COS v,) Ve 


and the corresponding characteristic number equation is mv = 
(m — 1)tan v. Again, in temperature-uniformity calculations, 
all terms after the first can be neglected and the equation reduced 
to 


(sin v — v cos v) exp (—#2X)_ sin v 


(surface) Y = 2 <n {13] 
v — (sin v) (cos v) 
ae ieee, (sin v — bos v) exp (—v2X) 14] 
v — (sin v) (cos v) 
From the equations for the surface and center 
Ve) Vert) (Sin) vp waa. Seesteacen: [15] 


Summary. In the preceding paragraphs it has been shown 
that by eliminating the dimensionless time from the heat equa- 
tions for plates, spheres, and cylinders, simple equations result. 
which relate surface, center, and furnace temperatures to bound- 
ary resistance. From these elemental relations dimensionless 
temperature ratios can be formed which make it possible to use 


standard heating-cooling curves to find the time required to ob- 
tain the desired temperature uniformity. In addition, the 
simple temperature and boundary-resistance relations make it 
comparatively easy to determine the unknown boundary resist- 
ance. y 

Temperature-time-space curves for cylinders and spheres are 
given to supplement those available at present. These curves 
are given for center temperatures only, but can be readily ex- 
tended to surface temperatures by the use of Fig. 1, and to all in- 
between points by forming the products Y° cos (wx), Y°Jo(ux), 
and Y °(sin vx) /v for plates, cylinders, and spheres, respectively. 
In all instances these relations are restricted to values of X equal 
to or greater than 0.2. 


Two-DimensionaL Heat Frow 


Supplementing the nomenclature previously given, the follow- 
ing additions will be used: 


Y° relative temperature for center = 
t/t’), 
Y* relative temperature for edge of a finite plate = 
yd t/t), 
Ys, Yrs relative temperatures at surfaces perpendicular to z- and 
y-axes, respectively, when body is considered as a semi- 
infinite solid = (1 —t/t’),,(1— t/t’), 
Yyc, Ye relative temperatures at mid-planes perpendicular to x- 
and y-axes, respectively, when body is considered as a 
semi-infinite solid = (1 —¢°/t’),, (1 —t°/t’), 


x distance from vertical mid-plane to surface 

y distance from horizontal mid-plane to surface 
d diffusivity 

6 time (not dimensionless) 

t, assumed to be zero 


eat a7) rd (NE 
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Finite Plate. In two-dimensional heat flow essentially the same 
methods are applied as in one-dimensional heat flow. The heat- 
flow equation must now satisfy the differential equation 


ot oY OY 
te a eee 16 
hie e a ») Hel 


where « and y are rectangular co-ordinates indicating the direction 
of heat flow, and d is the diffusivity. Newman‘ showed that if 
Y, was the solution of 


dt/o9 = d(d%/dx) 
and its boundary conditions, and Y, was the solution of 
ot/00 = d(07t/dy?) 


and its boundary conditions, then Y,Y, was a solution of Equa- 
tion [16]. McLachlan,® following the method of Newman, 
showed that in the heating of solids the partial differential equa- 
tion is satisfied by a solution of the form 1— Y,Y,, where Y, is 
the expansion part of Equation [1] and Y, is the expansion part 
of the same equation with y introduced in place of x. ‘The corre- 
sponding heating-up temperatures are H, = 1— Y, and H, = 
b—Y¥,; 

In two-dimensional heat flow the maximum temperatures will 
occur at the edges of the body and the minimum temperature at 
the center. The desired temperature uniformity will be given in 
terms of the edge and center temperatures t* and t°, respectively, 
and the following relations (sce Fig. 7) then hold 


(edge) y= DLO OY fice ete 
Ye SS tt Ve ee he 


(center) 
To simplify the form of the equations let 


2(sin w)/(w + sin w cos w) 


£ 
i 


2 = cos(wx) 
€,; = exp(—w?X,) 


for heat flow in the direction of the z-axis. For heat flow in the 
direction of the y-axis, use the same notation but replace the sub- 
seript aby y. Then 

(edge) Vili (abe), (@b4) pn aed estas ee ae {17] 


(center) YS) (G6) (Ce) eek cose bana [18] 


Dividing Equation [17] by Equation [18] gives 
GU) iC — t=): (Cosi): (cos)y oon ee {19] 


Solution of this equation yields the furnace temperature. The 


heating time requires a solution of 

Y° =1—1°/t’ = (2sin w),(2 sin w), (exp —X, [w,? + 
(w,z/y)?]}/(w + sin w:cos w), + (w + sin w + cos w), 

This equation is plotted in Fig. 8. Only center temperatures are 


plotted. The surface temperatures can be found from Y °, Fig. 1, 
and the following relations, Fig. 7: 


(vertical mid-plane) Viglen Y° (COS!¢D) SAAEIERL oe {20] 


(edge) YyeY 2s = Y °(cos w), (cos, w),....(21] 


4 “Heating and Cooling Rectangular and Cylindrical Solids,” by 
A. B. Newman, Industrial and Engineering Chemistry, vol. 28, 1936, 
pp. 545-548. 

5 “Complex Variable and Operational Calculus,” by N. W. Mce- 
Lachlan, Cambridge University Press, 1939; also The Macmillan 
Company, New York, N. Y., 1942. 
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(horizontal mid-plane) Yee gene hy (COSI) Soe tee eae [22] 


Finite Cylinders. The handling of finite cylinders is the same 
as for finite plates. If the axis of the cylinder is taken in the 
direction of the z-axis, it follows, from the similarity between 
the heat-flow equations for bodies having circular symmetry 
and those for plates, that 


= 1) / 


Values of (cos w), and Jo(u) can be obtained from Fig. 1; from 
their product the furnace temperature can be calculated. As in 
the case of two-dimensional heat flow in slabs, the solution of the 
heating time is dependent upon the preparation of the requisite 
temperature-time-space charts. A chart similar to Fig. 8 can 
be prepared, or perhaps other methods of plotting, more con- 
venient in form, may be evolved. Equations for determining 
temperatures at points other than at the edge and center, for ex- 
ample, equations similar to Equations [20], [21], and [22] can be 
readily derived, the only restriction being that neither dimension- 
less time ratio be less than 0.2. 

The treatment of three-dimensional heat-flow problems fol- 
lows directly from the methods given for one- and two-dimen- 
sional heat flow. . 

In two- and three-dimensional heat flow an additional com- 
plication enters in determining the average boundary resistance, 
because of the variation of surface temperature from edge to 
center of the face. Not only will a time average of surface tem- 
perature have to be determined, but also a space average, since 
the faces do not have uniform temperature distribution, and 
therefore do not have uniform boundary resistances. 

Comment. In the preceding discussion only homogeneous 
solids have been considered. In the case of laminated solids in 
which the thermal conductivity may be different along the 
various axes, the value of thermal diffusivity may be correspond- 
ingly adjusted for the different directions, and the calculation 
carried out as usual. If the surface heat-transmission coefficient 
is different at the various faces, these different values of h may be 
used, the only limitation being that of maintaining symmetry; 
the values of m must be the same for any pair of parallel 
faces. 


t°) = Jo(u)(cos w), 
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Discussion 


F, 8. Broom.® To the engineer who is familiar with practical 
furnace design and operation, the paper would appear to offer 
some difficulty, because of the necessary assumptions which 
the author was forced to make in obtaining a practical 
solution. 

However, he has developed from his mathematical analysis 
certain facts which agree with test observations of heating fur- 
naces. Some of these statements are worth while emphasizing. 
For instance, the author states, ‘As the final surface temperature 
is approached, there is little change in the boundary resistance, 
because of little change in surface temperature. As a result, the 
center temperature, which originally lagged considerably behind 
the fast-changing surface temperature, has time to catch up to 
the now slowly changing surface temperature.” 


6 Bloom Engineering Company, Pittsburgh, Pa. 
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By this statement he approaches the conclusions of Williams 
and Allen, who have previously stated that center temperatures, 
or temperatures under the surface of the material, follow the pat- 
tern of the surface temperature, and ultimately increase or de- 
erease at the same rate as the surface temperature. From this 
we can conclude that a temperature history or curve of center 
temperature will follow, at some later time, the temperature his- 
tory of the surface. In other words, if we plot surface-tempera- 
ture history for a piece being heated, we can approximate the 
history of the center temperature. 

If we go further in this analysis, we approach the conclusion 
that temperature uniformity “center to surface” must be con- 
sidered with time. 

The center temperature knows nothing about what happens to 
surface temperature at any specific time, although it is similarly 
affected after some delay. This delay or time lag is a factor de- 
pendent upon material size, but is constant regardless of speed of 
heating, that is, a 6-in. square can be heated in 20 min or 6 hr, 
but still the time for center temperature to equal surface tempera- 
ture is the same. The magnitude of temperature difference is 
very large with fast heating, but after the proper equal time inter- 
val, temperature uniformity is the same. We do not produce 
temperature uniformity by slow heating. 

The author’s work as expressed in this paper stresses tempera- 
ture uniformity. The writer does not think he intended to con- 
vey this impression. Let us face this problem. We heat a slab 
to a surface temperature of 2300 F, center temperature 2250 F. 
It is taken from the furnace and lies on the mill table for 15 sec. 
The surface cools down while the center continues to increase. 
We end up in the mill with a mixture of temperatures which can- 
not be equalized. So why demand or think of perfect uni- 
formity. a : 

Temperature-uniformity data are lacking. What we need is a 
complete study of temperature differences “surface to center’’ as 
related to specific industrial-mill operation. The author’s 
method of calculation could be used for such a study. As is 
quite general, we get the “cart before the horse.’’ Similarly, we 
get ourselves involved in calculations which get nowhere except 
to scare engineers into being cautious where it is not necessary. 
Let us find out the temperature uniformity demanded by the 
process. 

The author also states, as his conclusion of the calculations, 
that a lower furnace temperature and better temperature uni- 
formity can be obtained by higher heat transmission. He means 
luminous flames, thick flame blanket, and greater wall area, 
which in turn means ample roof height. This factor has been 
seen time and again on many billet-heating furnaces where a 
heavy luminous flame produces a better scale condition and a bet- 
ter working piece in the mill operation. 

He touches gently on temperature control with which the 
writer fully agrees. There is no use soaking steel if the surface 
temperature is changing up and down. A 50-deg F temperature 


difference is easy to produce with such conditions. Good tem-- 


perature control on heating furnaces is a necessity for uniform 
temperature distribution. It should be operated by measuring 
surface temperature, and in this manner a complicated heating- 
furnace operation can be reduced to the normal temperature- 
control problem. 

The author has presented an outstanding theoretical paper. 
It is too complicated for the writer fully to comprehend. He 
must be pretty close to the right answer, because his conclusions 
seem accurate. It is suggested that he study mill and furnace 
conditions and then calculate from surface temperature and 
mill data the permissible out-of-balance temperatures which mill 
operations can stand. 


Vicror Pascukis.?’ The author is to be congratulated for a 
valuable piece of research. He refers to some previous work 
of the writer.2 It may be interesting to compare the two methods 
of determining the temperature uniformity as follows: 

In order to obtain a desired uniformity expressed either by the 
“temperature-uniformity factor” or by the “relative temperature- 
uniformity ratio,” a definite furnace temperature and a definite 
heating time must be applied. Both should be expressed in 
dimensionless units. The determination from the temperature- 
uniformity factor or the relative uniformity ratio compare as 
follows: 


Heisler Paschkis 
Unknown Determines the unknown from 
: t.—t 
x Gurney-Lurie charts are = f(m, x) 
—b 
. i'—t : 
t i Sx f(m) Gurney-Lurie charts 
— to 


The writer does not see a particular advantage of the new 
method above the known one and wonders what advantages can 
be claimed for it. 

The most important part of the paper, as far as one-dimensional 
problems are concerned, is that dealing with the dual relationship 
between surface temperature, furnace temperature, and m value. 

The recommendation that the heating time should be calcu- 
lated with the time average m lacks proof, and it would be inter- 
esting to obtain definite proof. Incidentally, the step-by-step 
method described for finding t, could be conveniently replaced by 
a procedure similar to that used in Fig. 2 of the paper. 

It seems regrettable that the paper does not contain curves 
for cylinders and spheres, similar to those presented in Figs. 3 and 
4, for slabs; also that the curves for the relative temperature-uni- 
formity ratios for rectangular bodies are not developed. Only if 
curves are available can it be hoped that functions such as those 
presented in this paper will be widely used in industry. It is 
hoped that the author will develop such curves and present them 
at a later time. The author seems to exclude from consideration 
convection-type furnaces which today certainly gain in impor- 
tance. 


W. Trinks.8 While the author presents an excellent mathe- 
matical study, it is, however, too involved and obscure for the 
average engineer and will, for that reason, not be appreciated. 
Many an engineer will spend a couple of hours on it and will then 
lay it aside. With a few changes the usefulness of the paper 
could be vastly increased. 

A sketch of the temperature distribution in a solid with nota- 
tion of the temperature differences which are sought would be of 
great value. 

In the “Introduction,” condition No. 6 should be added; 
namely, that at the beginning of the heating process the work 
blank has uniform temperature throughout. 

What is meant by the “time average” of boundary resistance 
m? This question is asked in view of the author’s statement that 
boundary resistance is to be constant. It may be advisable to 
define boundary resistance and to give the units. Several defini- 
tions of boundary resistance are current. 

The writer is at a loss to understand how the heat-transfer 
coefficient h is obtained when both the surface temperature and 
the flame temperature are alike. Can there be any heat transfer 
in that case? 

The author does not say how Equations [1] and [8] were ob- 
tained. It is surmised that J) and J; are Bessel’s functions. If 
so, that fact should be stated. 


7 Head, Heat and Mass Flow Laboratory, Columbia University, 
New York, N. Y. 


8 Consulting Engineer, Pittsburgh, Pa. Mem. A.S.M.E. 
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In modern heating practice, we do not bring the surface of the 
work blank up to furnace temperature and soak it a long time. 
We do something else. We heat the work blank quickly to a sur- 
face temperature which is above the desired final temperature 
and then soak it in a somewhat cooler furnace section, where the 
surface temperature drops and the center temperature rises. It 
would be wonderful if the author could solve, with Bessel’s func- 
tions, the final temperature distribution which we obtain with 
that heating method. 


AutTHor’s CLOSURE 


In the text the author has mentioned that Roshenow and co- 
workers’ charts for two-dimensional heat flow have not yet 
been published. These charts have since appeared in the Febru- 
ary, 1946, issue of the transactions of the A.S.M.E. 

Both Mr. Bloom and Mr. Trinks stressed the desirability of 
solving problems involving step temperature functions. Mr. 
Bloom mentioned the case of a hot slab cooling on a mill table, 
and Mr. Trinks that of a slab heated quickly to a surface tem- 
perature which is above the final desired temperature and then 
soaking in a somewhat cooler section of the furnace. Many 
problems of a similar nature arise in metal heating. For ex- 
ample, in some types of heating operations, after the charge is 
brought to a given surface temperature, the furnace is turned off, 
and both charge and furnace are allowed to cool together. An- 
other case occurs in surface hardening by high-frequency induc- 
tion heating followed by internal quenching. Numerous others 
could be cited. Though the thermal operations involved are 
entirely unrelated physically, yet all of them are decidedly similar 
when considered in a mathematical sense. For instance the 
problem mentioned by Mr. Trinks is mathematically identical 
to the problem of surface hardening by high-frequency induction 
heating followed by an internal quench. Both of these can be 
readily solved by means of existing temperature charts, such as 
those shown in Figs. 6 and 7. In general all the problems men- 
tioned simply involve relaxing from an initial known tempera- 
ture distribution. The author is at present preparing a paper 
on the general solution of problems of this type. 

Mr. Bloom points out that center temperatures can be ap- 
proximated when surface temperatures are known, because of 
the constant time lag between equal surface and center tempera- 
tures. The magnitude of the time lag for any given surface- 
center temperature can be found from 


—L?* loge (cos w) 


pe 
dw? 


where 


= time lag in hours, 
diffusivity in sq ft per hr 
half thickness of slab in feet 
= first root of mw = cot w 


ll 


Saisuey S 
ll 
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Values of w? are plotted in Fig. 3 and cos w in Fig. 1. Ob- 
viously, the time lag varies directly as the square of the thickness 
and inversely as the diffusivity. Because of the factor w, it also 
depends on the boundary resistance, decreasing as the boundary 
resistance increases. 

Regarding the ‘‘time-average” of boundary resistance, men- 
tioned by both Mr. Trinks and Mr. Paschkis: It is true that 
in the mathematical problem boundary resistance is considered 
to be constant. However, in actua] heating-up processes bound- 
ary resistance varies throughout the heating cycle. Therefore, 
in applying mathematical formulas to actual thermal problems, 
it is necessary to estimate in some way or other the average 
value of the boundary resistance over the heating period, sub- 
stitute this average value into the formulas, and solve as though 
the boundary resistance were constant. This average boundary 
resistance can be based on various thermal concepts. The 
author has suggested basing it on a time-average surface tem- 
perature. ven though, as Mr. Paschkis points out, this method 
lacks proof, it is nevertheless based on what appears to the author 
to be much more reasonable assumptions than those which are 
usually made. In fact, to the author’s knowledge, it is the only 
method advanced so far which is not based on hit or miss guess- 
ing. : 

In regard to Mr, Paschkis’ query as to the advantages of the 
present method of solving temperature-uniformity problems 
over that previously used: The two methods are in fact com- 
plementary. In the previous method heating times and in 
the present furnace temperatures can be found directly without 
resorting to Gurney-Lurie type charts. The present method 
covers a wider range of variables and requires just one simple 
chart, Fig. 1, in place of the three—each with a family of curves 
which are required in the method of Paschkis. 

Mr. Trinks is at a loss to understand how the heat-transfer co- 
efficient h can be obtained when both the surface temperature 
and the flame temperature are alike. By definition, for black- 
body radiation 


[(7,/100)* — (7,/100)*] 
T,—, 


= O83 
where 


T, = flame temperature in degrees Rankine (F + 460) 
T, = surface temperature in degrees Rankine 
h = Btu per sq ft, hr, F 


After factoring T, — T, from the numerator, this reduces to 
0.173 
= To 7) Te Pf: 
ado ee) eae 


and when 7’, is equal to 7, 

_ (0.173) (4) (La) 

; (100)4 

Although h is finite, there can be no net exchange of heat be- 
cause no temperature difference exists. 


h 


Dynamic Behavior and Design of 


Servomechanisms 


By G. S. BROWN? ann A. C. HALL,? CAMBRIDGE, MASS. 


This paper aims to set forth the criteria that are impor- 
tant in the design of certain servomechanisms and to show 
how certain analytical procedures can be applied to almost 
any problem to define quantitatively the properties that 
the control should have in order to make the servomecha- 
nism perform in the manner desired. The nomenclature 
used is essentially that proposed by Draper (1).* It is used 
in the treatment of the problem of synthesizing a controller 
for a servomechanism whose controlled member is to be 
rotated and can be defined in terms of inertia plus viscous 
and coulomb friction, plus a load torque. The broad ob- 
jective of the designer is assumed to be that of designing a 
controller which will keep the dynamic error in controlled 
angular position of the controlled member a minimum 
under certain operating conditions. The transient and 
steady-state error for certain forms of motion, the criteria 
for stability, the effects of viscous friction, coulomb fric- 
tion and load torques on the desired performance, and 
other related matters are treated. Several nondimensional 
charts and tables are included in the paper and show 
quantitatively the performance of any particular servo- 
mechanism with a controlled member of the kind treated, 
when the system has the various forms of control. 


1 Inrropucrion 


ERVOMECHANISMS (2) or, more generally, closed-cycle 
S automatic-control systems have become during the past 
decade exceedingly important elements in, for example, 
manufacturing, the process industries (3, 4), the steering (5) and 
operation of ships and aircraft, and many important scientific 
devices (6). As the applications have been increased in number, 
the demands imposed on the reliability, precision, and speed of 
operation of the mechanisms have also been increased. Fortu- 
nately, many of these demands have been satisfied because of 
developments in the various branches of engincering and physics 
that have taken place simultancously with the growth of auto- 
matie control, but at the same time the complexity of the mecha- 
nisms has often been increased. The result of all this has been 
that the design of servomechanisms or automatic-control systems 


1 The first portion of this paper was prepared during the summer of 
1940, for the Subcommittee on Machine Design, Machine-Shop 
Practice Division of the A.S.M.E. At the request of the N.D.R.C. 
it was withdrawn from open publication and privately printed for 
restricted release. Sections 1 through 9 are substantially as originally 
written. Sections 10 through 12 have been added for this printing. 
Sections 13 through 19 have been adapted from an M.I.T. doctorate 
thesis by A. C. Hall and published for restricted distribution by the 
Technology Press. 

2 Director, Servomechanisms Laboratory, Massachusetts Institute 
of Technology. _ 

3 Assistant Professor, Electrical Engineering, Massachusetts Insti- 
tute of Technology. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Instruments and Regulators Division and pre- 
sented at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, 
of Tue Amprican Society or MrecHanicau ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


has now become almost a science, so that for the skillful and 
straightforward design of a high-caliber system one requires, (a) 
a clear appreciation of the fundamental principles involved in 
the correct functioning of an automatic-control system, and (b) 
an accurate knowledge of the properties of the mechanisms of 
which it is composed. 

The purpose of this paper is to set forth in fairly simple terms 
the criteria that are important in the design of servomechanisms 
and to show how certain simple analytical procedures can be ap- 
plied to almost any system to define the properties that the con- 
trol should have in order to make the mechanism perform in the 
manner demanded. 


2 Facrors THAT CHARACTERIZE A SERVOMECHANISM 


A servomechanism is a power-amplifying automatic-control 
system characterized by the presence of a control element that 
is actuated by some function of the “difference” between the 
response desired of the system and its actual response. In other 
words, the system is error-sensitive, and the control is some func- 
tion of the “error” in the behavior or state of the system. Usu- 
ally a continuous change in the actuating quantity or the input 
signal is to be followed by a continuous action of the controller. 
The input signals usually come from low-power sources and may 
be random with time, but are preferably continuous. Systems 
of this kind are closed-cycle continuous-control systems, and it 
is this closed-cycle property that identifies them as servomecha- 
nisms. Their component elements generally tend to be complex, 
and because of the dependence of the operation of their control 
upon the result of the control operation, their design must con- 
form to certain basic principles. 

Because of widespread application of servomechanisms the 
actuating and controlled quantities are found in diverse forms. 
In the servomechanisms used for the automatic steering of ships 
or aireraft the actuating quantity or input signal is given by a 
low-power device sensitive to the course setting on a magnetic or 
gyro compass, and the output or controlled quantity is the direc- 
tion in which the ship is headed. In servomechanisms used for 
the control of an automatic die-cutting machine, for example, the 
cutting head might be required to follow automatically a pattern 
laid out on a master pattern, or the contour of an existing mem- 
ber, as in replica production. An application such as this would 
probably result in maintaining the angular position of a shaft 
operating at a high-power level automatically in synchronism (or 
in step) with the angular position of a shaft as established by a 
low-power mechanism. The input signal might be the angular 
position of a cam-operated shaft, and the controlled quantity or 
output might be the angular position of the lead screw carrying 
the cutting head. . In practice the angular positions of the two 
shafts are compared by one of several means common in the art, 
a measuring device detects the error in the position of the output 
and establishes a control signal, a controller is actuated by this 
control signal and operates either directly on the shaft of the high- 
power member or through some accessory device to bring the 
output shaft into the desired position. 

Confusion occasionally exists among those working in auto- 
matic control, concerning the designation of a servomechanism 
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and aservo. In this paper the entire array of apparatus begin- 
ning with the input member and going through to the high-power 
output member and including all measuring and control equip- 
ment is called a servomechanism. In particular, the torque, 
force, or power-producing member that is actuated by the control 
to restore the equilibrium condition is called a servo, or servo- 
motor. 


3 Basic Design PropLem 


Since a servomechanism should perform in a manner that meets 
a certain specification, the design of the system should be carried 
out only after an analysis that yields performance data for each 
component mechanism, in a form readily subject to quantitative 
interpretation for design purposes, has been concluded. The com- 
ponent elements can be described in terms of certain quantities, 
and the analysis should be carried out in a manner that shows the 
relations that must exist among these quantities in order to pro- 
vide (a) a system that is stable and (6) a system whose tran- 
sient and steady-state operating errors are within the specified 
limits. 

This work is aided by subdividing the system into its essential 
component mechanisms, for example, the input member, the 
error-measuring element, the controller, the controlled member, 
and the output member. With all systems, good judgment is 
necessary in carrying out this subdivision, and in the more com- 
plicated systems a rather detailed subdivision may be desirable 
(see section 10). A block diagram representative of the manner 
of interconnection of these component mechanisms is, as a rule, 
readily drawn. After the analysis has been completed the per- 
formance of the mechanisms assigned to the various boxes in the 
block diagram can be defined, and their design and construction 
eventually carried out. If the performance specifications are 
reasonable the designer is limited only by cost, space or weight 
restrictions, availability of devices having the desired rating and 
characteristics, and so forth. In other words, the designer’s 
problem is basically that of reducing certain requirements to 
practice. 

To illustrate the procedure for the analysis of a simple mecha- 
nism, consider the block diagram shown in Fig. 1. Here the 
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entire system is represented by five elements: namely, the input 
member, the error-measuring device, the controller, the con- 
trolled member, and the output member. Hach component ele- 
ment may comprise much apparatus but this is unimportant for 
the present. For a generalized treatment let the system be de- 
fined in terms of the symbols shown in Fig. 2, where 
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6,(t) = input disturbance as a function of time 
O(t) = response of output as a function of time 
e(t) = error between desired and actual response as a function 
of time 
T(t) = response of controller as a function of time 
T(t) = any disturbance applied to output as a function of time 


Also let these symbols be related in the following manner 


elt} = Oise. es 2 (1] 
MOWER LENE NRE A i [2] 
A(t) = Ho(p) (T(t) + Tot)].......... [3] 


li Equation [2] C(p) is a differential operator in the form of a 
polynomial in p, where p represents d/di. It operates on the 
time expression for the error and thereby gives the time expres- 
sion for the controller response. It is called the “controller 
operator” and is to be determined from the analysis. Ho(p) of 
Equation [3] is also an operator called the ‘“‘output member oper- 
ator.”’ Itis characterized by the physical properties of the device 
or process to be controlled. 

Since, in general, the control is intended to keep the error zero, 
the extent to which the objectives of the control have been 
achieved is best indicated by deriving the expression for the error 
in terms of the operators C(p) and Ho(p), the input signal 6;(¢), and 
the output disturbance 7'(¢). From Equations [1], [2], and [3] 


1 
€ ae meena emery ae 1 —— OND PA te Re Are 4 
(t) 1 + C(p) Help) (€.(t) — Ho(p)To(é) | [4] 
C(p)Ho(p)6(t) + Ho(p)To(t) 
SC) a ae ee 4 
~ 1+ C@)Hap) ais 
wherein C(p) is frequently the only design variable. Equation 


[4] is the basic equation for a closed-cycle control system such 
as that shown in Fig. 2, and the expression [1 + C(p) Ho(p)]—, 
being an over-all system operator or characteristic equation, sum- 
marizes the system behavior. This use of an over-all system 
operator [1 + C(p)Ho(p)]~ to summarize the theory of design 
of a closed-cycle system of automatic control originated, to the 
authors’ knowledge, with John Taplin in 1937, while he was a 
special student in electrical engineering at the Massachusetts 
Institute of Technology. Taplin no doubt recognized the simi- 
larity between the closed-cycle control problem and the feedback- 
amplifier problem as presented by Black (7) and Nyquist (8). 

The applications of automatic control are numerous and varied 
and it is impossible to say that 6, 7’, or « always represents any" 
particular quantity. Reference to a few of the applications cited 
in the literature will show that 6, 7’, or « may be an angular dis- 
placement, a flow, a voltage, a torque, a light flux or any of the 
physical quantities commonly encountered. However, since 
interest in an analysis is usually stimulated by speaking in terms 
of some physical application, the control of an automatic replica- 
cutting machine is considered as an example. It is assumed that 
6;(t) is an angular displacement indicated by a delicate cam- 
operated mechanism which displaces a low-power input shaft in 
accordance with the motion 69(t) desired of a high-power output 
shaft. The error e(t) is assumed to be a voltage made propor- 
tional to error angle by any of the commonly used methods. The 
controller response 7’-(¢) is assumed as a torque applied to 
the controlled member. The controlled member is a lead screw 
carrying a cutting head. Thus the controller, in effect, serves 
also as the prime mover or servomotor for the lead-screw drive. 
Fig. 3 shows a schematic arrangement of the essentials of this 
system. 

The output member operator Ho(p) can now be formulated. 
The cutting-head lead-screw drive of a typical milling machine 
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Fig. 3. Scuematic DIAGRAM OF SERVOMECHANISM Usep For ILLUs- 
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would comprise shafts, screws, gears, and tool holder and could 
be defined in terms of an inertia Jo, and a viscous-friction coeffi- 
cient fo. The output member would be subjected to a coulomb 
friction torque and a load torque, which joitly can be repre- 
sented as —T)(t). On the assumption that the parameters are 
constant or the system is linear for small ranges of operation, the 
differential equation of motion for the output member when 
considered as a single unit is 


do 


dO 
° dt? 


Af 
dt 


es LE) peecsstltg (t)iaxe eh rere eenies {5] 


0 


: ; dé. 06, 
It is expedient now to express a by 6 and ae by p76, and to 
d d 
write Equation [5] as 


(Jop? + fop)oo(t) = (T(t) — Tolt)]...------- [5a] 


where the expression in parenthesis preceding @(t) is an operator, 
which operates on 00(t) as indicated. When solved for 60(t), 
Bquation [5a] gives 


A(t) = (EE) GD) a orc we eter 


i 
Jop® + fop 
which, by analogy with Equation [3], gives the output. member 
operator as 


Hp) = 


1 
J op” + fop 


The substitution of Ho(p) from Equation [7] into Equation [4] 
gives, after some reduction 


a) = [(Jop? + fop)a(t) + To(t)] . 18) 


1 
Jop? + fop + C(p) 
Alternatively, if the input disturbance is a velocity 


do,(t) _ 


ow, (t) —3 dt — 


6; (t) 


the error equation becomes 


1 
Jop? + fop + C(p) 


Expressions typified by Equations [8] and [9] are extremely 
useful in the design or analysis of control systems since they ex- 
press the error in terms of the parameters of the system, the input 
disturbance, the disturbing or load torques on the controlled 
member, and the controller operator C(p). When any mecha- 
nism is to be converted to automatic control, the problem for the 
designer is the synthesis of the simplest and most practical con- 
troller that will have the operator C(p) required to meet the speci- 
fied operating conditions. The next sections present a general- 


e(t) = (Jop + fo)wi(t) + To(t)]..- 191 
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ized treatment of the problem of deriving a form of the operator 
C(p) required by the various conditions of servomechanism opera- 
tion commonly encountered in practice. 


4 Srp.te Form or ConTROLLER OPERATOR 


In any particular application it would be desirable to know the 
expected form of the input disturbance and to choose the con- 
troller operator C(p) on the basis of a certain specified perform- 
ance under the expected operating conditions. In general, how- 
ever, the input disturbance is random, so that its description in an 
analytical form which is of much use in the analysis is usually 
impractical. It is common practice therefore to evaluate 
the performance afforded by possible designs on the basis of the 
nature of the transient and steady-state responses of the respec- 
tive systems to certain test disturbances. 

The well-known transient response of a system defined by 
Equation [8] or [9] is 


et) = A + Be* + (iene lan GUC AA camr trary {10] 


A direct guide to the simplest form of controller operator that 
will give a workable system is afforded by a characteristic de- 
manded of the exponents 7 and rz of Equation [10]. Forinstance, 
r, and rz are the roots of the operator Jip? + fop + C(p) which 
may conveniently be a polynomial. Clearly the simplest form of 
C(p) that will make this operator a polynomial is 


(CGD) GENO ee ema ee ee 


and for the corresponding simple controller, Equation {2] reduces 
to 


sr eet Wey eee ne eer 


Also, for the system to be stable m: and rz must have negative real 
parts, and if they are complex the magnitudes of their imagi- 
nary parts must fall within a certain range because of operating re- 
strictions. Hence the magnitude of h is obviously restricted. 

A further restriction on k can be deduced from the steady-state 
operating error given by the quantity A of Equation [10], which 
can be written down by inspection from Equation [8] or {9}. 
For a constant input angle @:, or a constant input velocity ;, and 
constant Joad torque, the steady-state error is given by putting 
the operator p zero everywhere in Equations [8] and [9]. If then 
C(p) is defined by Equation [11 ], the steady-state errors become, 
respectively 


ft ie 
&: = Fay Bd ey a gS aes 
for 6, and 7’) constant; and 
Tt 
Poe fox ee (14] 
Y 


for w; and 7'y constant. 

A controller having an operator as just defined applies torque 
to the controlled member in proportion to the indicated error. 
Since this definition makes no allowance for response lag in the 
controller, which here is assumed to include the servomotor, a 
perfect element is assumed. Actually, of course, response lags 
exist in all controller servomotors encountered in practice though 
frequently the lag is negligible in comparison with the periods of 
response of the system as a whole. Section 10 discusses the prob- 
lem of treating the controller synthesis when the servomotor has 
response lags. Servomechanisms employing controllers charac- 
terized by Equation [11] are found frequently in practice. They 
are called simple-error controller servomechanisms and, as a 
rule, are confined to the class that involves prime movers rated 
less than a few watts for reasons that later are made clear. 


r 
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The problem now to be handled is that of selecting the best 
value of k. Unfortunately, the selection involves a compromise 
because from Equations [13] and [14] high precision of operation 
requires that k be large and fo and 7’) small, whereas the stability 
restriction implied in Equation [10] imposes a limit on the large- 
ness of k or the smallness of fo, because the entire damping is here 
supplied by viscous friction in the output. Obviously the restric- 
tions on the magnitude of 7’) are practical operating ones. The 
answers to these questions are best obtained from an examination 
of the transient response of the system, which is the subject of 
the next section. 


5 TRANSIENT RESPONSE OF ERROR-CONTROLLED 
SERVOMECHANISM 


The transient response of a servomechanism following the sud- 
den application of a constant disturbance to the input member 
gives data that are useful (a) for appraising the quality of the 
performance of the system as a whole and (b) for proportioning 
foand k to meet certain performance specifications. The response 
to this suddenly applied input disturbance completely character- 
izes the system. 

The transient solutions are herein given as dimensionless ex- 
pressions in a form convenient for engineering use, using the pro- 
cedure and notation introduced by Draper (1). Coulomb fric- 
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conjugate complex, equal reals, or unequal reals, that is, whether 
is less than unity, unity, or greater than unity. The general 
form of the expression for the roots is 


hs, ti, — Gent Rien, Lae ee [19] 


where 7; is the characteristic time and «, is the actual angular fre- 
quency. , 

The complete solution of Equation [18] for the case when a 
velocity w; is suddenly applied to the input member with the sys- 
tem at rest and w, is afterward maintained constant, and when 
the roots 71, 72 are conjugate complex, is 


; ase 
Qe.0; ae Ey 
e(t) = a =p («os vi Ling + 


o T1 


262 — 1 
261 Vi Ge 


1|— 2 
sin eam ‘Ln 
‘Gr Seer 


Equation [21] thus gives the transient response and can be written 
jn a nondimensional form convenient for plotting as 


; : ; ery: 1 Sian ah 
tion and applied torque are neglected during the preliminary e(t) eC cnet sin (V/f1 SENG cont te $) 
analyses since it is unnecessary to include them in order toevalu- —€es V1 aah? 
ate the quality of the transient performance. Furthermore, their 2222 neg [22] 
effects can be readily determined and taken into account by een 
applying the principle of linear superposition of causes to give 
the total effects. 20 
For identification purposes a servomechanism comprising a fss = oe, Ng cosine SUeAeehe take sc pO KIENCES [23] 
simple-error controller defined by Equation [12] is classified 
herein as type 1. For this controller, and with coulomb friction and 
and load torque neglected, Equation [9] has the following form ———— 
2 26V bn 
¢ = tan“! Berrerpemeyee oo ge aa [24] 
<(t) = ————_——-_ (Jn + foo, (t)......-. [15] Sirs 
Top? + fop +h oy: . 
For the critically damped case Equation [22] reduces to 
where the subscript 1 in Equation [15] and the following indicates t 
that the parameters are for the system with a type 1 controller. e) = fp -Odt (1 au “at th See ee [25] 
It is convenient now to define certain new symbols ¢% and wn; as 2 
by the relations (1) here 
fo 2 
Bc [16] gid TS yh ye Wena 26 
IW Tole as Wnt | 
ou 2.0 
ipo \ias ea cirocn oa ne 17 
ony ae [17] _ 
ni 5 - 1.75 ae -- Ox e) PR 
and to rewrite Equation [15] in terms of these ‘ 2 Si / Ts 
symbols thus 1.5 eee ee ( ; = 
Ze=k Ect) 
1 t 
ee Slo oie Lea 
p? ar Zhen p + wnt Pee = wu. 
(p + 26cn)e,@) 2 tis ees i. - 1 
~ 
In Equation [18] ¢ is the damping ratio, that i 
is, the ratio of the actual damping to the damp- w cee = =| 
ing which would cause aperiodic response of the ss 


system. It is a dimensionless parameter and of 
course equals unity for critical damping; own 
is the undamped natural frequency of the sys- 
tem. 


Ex) 
Ess 


0.25 


The response of the system defined by Equa- 
tion [18] is oscillatory, aperiodic, or overdamped 
depending upon whether the roots of the denomi- 
nator of Equation [18] when equated to zero, are 


2 4 6 8 10 12 14 16 
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The nature of the transient response is well illustrated by the 
family of curves in Fig. 4 which shows the dimensionless ratio 
“a as a function of the dimensionless quantity wnt for various 
values of &. Load torque and coulomb torque are assumed to 
be zero. If the viscous-damping coefficient fo is assumed to be 
the only variable in the system, wn is constant. Hence when the 
family of curves is examined with respect to the dimensionless 
abscissa scale wnt, the relative positions of the curves on the plot 
indicate the relative times of duration of the transient for the 
particular values chosen for 4. 

An inspection of Fig. 4 shows at once: (a) that for a type 1 
servomechanism with constant wn; the actual time required for 
the system to reach substantially its steady-state error is practi- 
cally independent of { when 0.6 < ¢ < 1.0, whereas the time 
required for the system to attain any substantial part of its final 
steady-state error decreases as ¢; decreases; (b) that the over- 
shoot or tendency to oscillate increases as {; is decreased; and 
(c) that the steadyfollowing error is proportional to the ratio 
t:/am. It follows therefore that any design of a type 1 controller 
is inherently a compromise unless certain specific performance re- 
quirements predominate, such for example as a given steady-state 
error at a given maximum velocity of operation of a given con- 
trolled member. 
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Fig. 5 shows the dimensionless solutions of Equation [8] for the 
angle and torque disturbances considered separately. Notice that 
a single family of curves satisfies both solutions if the ordinate 
scale for e(t)/@; for an angle disturbance is inverted to give the 


t 
aU for the torque disturbance. 
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ordinate scale 
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6 ILLUSTRATIVE EXAMPLE 


The effectiveness with which the foregoing data may be used 
to direct the path of a typical design, and also the fundamental 
objection usually leveled at mechanisms with a type 1 controller, 
are readily demonstrated by the following example: 

Suppose a given output member is to be automatically con- 
trolled in angular velocity and position and that the controller is 
to be capable of driving this member at 120 rpm with a steady- 
state following error, due only to viscous friction, of not greater 
than w radians. Assume that the moment of inertia of the con- 
trolled member plus its connected servomotor is 1 slug ft. 
Assume also that the system is to be critically damped. Deter- 
mine the control constant k;, and the viscous friction coefficient 
fo. 

From Equation [23] 


wn) = —— = ——— = 8 radians per sec...... (27] 
es T 


From Equation |17] 
ky = Gado = 64 lb-ft perradian. .2........ (28] 

From Equation [16] 
j= 2° Joka = 16 lb-ft sec per radian....... [29] 


From the curves in Fig. 4 the system reaches the steady-state 
velocity in a dimensionless time wnt of approximately 5.5, or an 
actual time ¢ of 5.5/8 = approximately 0.7 sec. 

The design constants and the time of duration of the transient 
are now known quantitatively. However, when it is realized that 
the power dissipated in viscous friction at maximum speed is 
fow;®, which in practical units is 


16 X (47)? 
SSO 
550 


the objection to a type 1 mechanism is realized. It is clearly ap- 
parent that the designer faces a difficult task when he comes 
to devise means to dissipate this power in viscous friction and to 
devise a controller that will be essentially instantaneous and linear 
in operation and develop torques as great as 200 lb-ft. Further- 
more, the entire viscous power serves only to damp the system, 
and serves no real productive purpose. 

Smaller damping losses are achieved by resorting to under- 
damped operation, accepting a larger error, or decreasing inertia. 
For the same steady-state error and inertia, but with ¢, reduced 
to 0.6, the new constants are 


wm = 4.8 radians per sec } 
k, = 23 lb-ft per radian | teh n. ABe is (31] 
fo = 5.75 lb-ft sec per radian 


The task of the designer has now been eased in proportion to £13, 
and the power dissipated in damping reduced to 1.65 hp. The 
transient now exists for a dimensionless time wnt of approximately 
5, so that tf = 5/4.8, or about 1 sec, compared with 0.7 sec for- 
merly. The power lost in damping is still appreciable, however, 
and is the reason why viscous-damped servomechanisms are 
rarely built for power ratings greater than a few hundred watts. 


7 CONTROLLERS IN ABSENCE OF OuTPUT DAMPING 


The basic-error equation will now be examined to see whether 
the controller characteristic can be modified to permit the elimina- 
tion of output damping power loss. Assume first that substan- 
tially all the viscous damping in the output member is eliminated 
by appropriate modifications to the design. The damping term 
then disappears from the denominator of Equation [9], the damp 
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ing ratio ¢; becomes substantially zero, the system tends to per- 
mit sustained oscillations and hence is impracticable. If by 
appropriate redesign of the controller, however, a new controller 
operator C(p) can be obtained which has a term proportional to 
the time derivative of the error as well as to the error, a damping 
term is re-established in the denominator. The controller oper- 
ator then has the form 


Cpa: A owe ue sce e ete eats [32] 


and for the system to be stable it is necessary only that the 
magnitude of the coefficient / be such that the roots of the expres- 
sion 


have negative real parts. 

This method of arriving at a desirable controller characteristic, 
while perhaps somewhat heuristic, is actually a very useful one 
because once the need for improvement in servomechanism per- 
formance is realized, the possibilities for achieving it by the design 
of a controller having the appropriate operator C'(p) become obvi- 
ous after relatively little thought. 

The use of control coefficients proportional to the derivative of 
the error is not new. The features which make this so-called 
derivative control desirable were pointed out by Minorsky (5) as 
early as 1922, and used by him in experiments on the automatic 
steering of ships prior to 1930. Later treatments are given by 
Hazen (6), and Mitereff (23). For purposes of identification a 
controller whose operator involves only the error and its deriva- 
tives is herein classified as type 2. To increase the scope of the 
analysis both first- and second-derivative control are assumed and 
the controller operator is written as 


C2(p) = ky ad lp + mzp? Brot cold Gio cnakgore 6 [34] 


In this expression ke, , and m2 are positive real numbers, the 
subscripts 2 signify control coefficients for a type 2 controller, 
and the algebraic signs signify the possibility of designing the 
controller to apply components of torque in a positive or a nega- 
tive direction for a given error or time rate of change of error. 
Obviously, there is no choice regarding the algebraic sign before 
ko. 

The substitution of the expression for C,(p) in Equation [9] 
gives, when coulomb friction and load torque are neglected 


(Jop + fo)a,(t) 


e(t) = Gs oat a ee baa SaeRrCRNCE [35] 
a (Jop + fo)w;(t) 
= Daied polite ict pukeiewee ee [36] 
where 
J2=Jo +m: and h=fp+h AO) Cn [37] 


When Equation [36] is writtenin terms of nondimensional pa- 
rameters, the expression is 


2p + Zacslowne 
=: w, 
p? + 2Wownep + wn2? 


«(t) eG tacataied iat [38] 


where 
n= is ¢ fr 
2 rus wes 
J2 2V Joke 
eee [39] 
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The general form of the roots of the denominator of Equation 
[38] are 


: 1 L 
T, 12 = —f2wn2 + Jone V1 — $2? = s += jwe.... [40] 
2 


The solution of Equation [88] in dimensionless form for the 
case of a velocity w; suddenly applied to the input member with 
the system at rest, with w; afterward maintained constant, and 
with ¢ less than unity is 


ihe fee t 2Zarvo? — 1 


t 
e(t) [ ess ( 
= |) 9) cos 
&ss $2 72) Donto\/ lite? 


a= 2 
ae VEE) estan 
$2 72 


t == t Lt is 
Ue, n(i4t)+ tien Lea aae nee [42} 
Ess 72 2a T2 
where in each instance 
2 
Gs ins Ge [43] 
Gn2 


Equations [41] and [42] therefore indicate the transient re- 
sponse of a servomechanism with a type 2 controller when sub- 
jected to a velocity disturbance. 

When obtaining the transient response of a servomechanism 
with a controller which has derivative response, it should be re- 
membered that 6, is an infinite impulse at t = 0 when a velocity 
w; is suddenly applied, and that both pé; and p6; are infinite 
impulses at ¢ = 0 when an angle is suddenly applied. If the law 
of control given by Equation [34] is assumed to hold at all times, 
and these particular test disturbances are applied, the controller 
is required to deliver an infinite torque for zero time at ¢ = 0. 
This, of course, is a requirement that no physical controller can 
fulfill. Thus a word of warning is appropriate here concerning 
the matter of using the methods of Heaviside’s operational calcu- 
lus (2, 9) to obtain the solution of expressions of the form of 
Equation [88] for an applied step function of velocity or angle. 
Operational calculus methods as ordinarily applied will assume the 
controller to be ideal and to comply with the law of control at all 
times. Solutions performed using the methods of LaPlace (9, 22) 
will introduce the boundary conditions applicable to the particu- 
lar system conditions. The results given herein for the transient 
response of servos using derivative control recognize (a) that the 
maximum torque of the controller is limited and (6) that a finite 
torque applied to a mass member for zero time causes no change 
in its velocity or angle. The solution given by Equations [40] 
and [41] are derived on the basis that at a time immediately fol- 
lowing the application of a suddenly applied velocity, that is, at 
t = Ot ; 


€, 9;, and 6) = zero; pe = pO; = a; 
pd = zero; p*6; = zero : 
pe — —p*6 


An examination of Equations [86], [41], and [42] indicates 
certain points regarding the algebraic sign which should be used 
with the coefficients J, and m2 of Equation [34] to give the best 
system performance. For example, since the coefficient f. in 
Equation [36] must be positive to insure stability, and since the 
principal argument for derivative control is to allow output damp- 
ing to be negligible, only the use of the positive algebraic sign 
with the coefficient l, has practical significance. 
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For design purposes quantitative data concerning the effects 
of varying the magnitude of first-derivative response in the con- 
troller are highly desirable. If it is assumed, in the interests of 


simplicity, that the entire damping is supplied by lz, (the so- _ 


called derivative damping) a» is zero and the steady-state error 
as given by Equation [43] is zero. Equations [41] and [42] for 
the transient response can then be written in a form convenient 
for the study of the effects of varying J, as 


ten: 1 2 Sant; 
€(Dens SSS e S2enat sin V1 = £22anat noua [41a] 
oe Via Siadiintn 
for the oscillatory case, and as 
t)wn: 
Oe Pee Sag le gh REN [42a] 
wo a2=0 


for the critically damped case. 
The nature of the transient response of the system now obtained 
is well illustrated by the family of curves in Fig. 6 which shows 
e(t)wne 


the plot of 


as a function of the dimensionless quantity wnat 
5 

for various values of {2. 

dimensionless the curves in Fig. 6 are dimensionless. 


To the extent that angle is considered 
Load 
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The task of making available a controller that will establish the 
component of first-derivative response with a high degree of 
fidelity is frequently somewhat difficult. When it comes to mak- 
ing available a controller that will establish a component of 
second-derivative response the task becomes one of another order 
of difficulty. Even the problem of providing a component of 
response that merely resembles second derivative is frequently 
difficult. It is highly desirable therefore that a designer have 
available quantitative data to aid him in balancing the cost of 
producing a certain amount of seeond-derivative response against 
the improvement in the performance of the system which the use 
of this amount affords. 

This matter concerns the question of both the algebraic sign 
and the magnitude of m: which should be used in any particular 
system. On a-heuristic basis it might be argued that the intro- 
duction of second-derivative control is in effect the introduction 
ofinertia. Negative inertia as afforded by the use of the negative 
sign with m2 might therefore appear to be preferable in order to 
decrease the magnitude of the apparent inertia of the system. 
On the basis of this argument a coefficient m2 equal in magnitude 
to Jo and used with the negative algebraic sign might appear to 
provide the optimum adjustment. It should be clear, however, 
that values of m2 greater than Jo used in conjunction with the 


Fie. 6 Transient Error Curves ror A SERVOMECHANISM WiTH A Typp 2 CONTROLLER WITH a2 = 0 
AND WITH o2 CONSTANT, WHEN SUBJECTED TO A SUDDENLY APPLIED INPUT VELOCITY w; 


torque and coulomb friction are assumed zero in addition to out- 
put damping being zero. Since the abscissa variable w,2 is not 
affected by changes in J, this family of curves indicates directly 
the true relative times of duration of the transient for the values 
of f assumed. The curves also show some rather interesting 
conditions. For example, the error is substantially independent 
of & when wmt is approximately 3. Also any benefits which might 
result from attempting to decrease the time of the duration of the 
transient by decreasing & are offset to some extent by an increase 
in the peak magnitude of the transient error. Specifically, a 
decrease in ¢ from unity to 0.8 decreases the time of the duration 
of the transient by about 30 per cent, but increases the peak error 
during the transient by about 13 per cent. Since a decrease in 
t tends to decrease the controller design difficulties and costs, 
there appears therefore to be genuine merit in the use of a type 2 
controller adjusted to give values of {2 such that 0.6 < {2 < 1.0, 
unless a system that oscillates even to only a slight extent is 
barred because of circumstances peculiar to the particular applica- 
tion. 


negative algebraic sign give negative values of Jo, make the sys- 
tem unstable, and hence are barred. Unfortunately, this argu- 
ment is inadequate for appraising quantitatively the benefits of 
specific amounts of second-derivative response. 

The work involved in preparing quantitative data for this 
problem can be simplified without much loss generality of the 
results by again assuming output damping to be zero, thereby 
making a2 and the steady-state error zero. If both l, and ky are 
held constant as +m, is varied, it follows readily from Equations 
[39] that ¢: and w,» are proportional to +/z, and hence dependent 
upon +m. Since the scales of ordinate and abscissa in Fig. 6 
involve wn, Equations [41a] and [42a] are not in a particularly 
convenient form for studying the effects of varying amounts of 
second-derivative control. It is possible, however, to express 
the error in a form which does not involve wn by using a new 
characteristic time 72’ defined as 


pied fort ila tx Bhs 
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tT! = 


In terms of this new characteristic time a dimensionless form of 
the error equation convenient for studying the effect of varying 


+m is : 
_ 252% 


e(t) 1 Po t 
= 6 WT Sin) Zhe Wale Ceti Od 
2007 1 — £2? : T2 


for the oscillatory case and 


, 
W;T2 


be al ste deers keane 1a 


for the critically damped case. 
Fig. 7 gives a plot of a family of curves of the dimensionless 


3 t : J ‘ “ t ; 
quantity UA as a function of the dimensionless time — for vari- 
@;T2 T2 


ous values of {. Load torque and coulomb friction are assumed 
zero in addition to output damping being assumed zero. Neither 
the ordinate nor the abscissa variables are here functions of mz. 
Therefore the family of curves indicates directly the true relative 
times of duration of the transient and the true relative magnitudes 
of the peak transient error for the assumed values of {. It must 
be remembered, however, that variations in the magnitude or the 
algebraic sign used with the component of second-derivative re- 
sponse of the controller vary {, since {2 is proportional to +/o3. 
Changes in controller design which affect the second-derivative 
response are nevertheless readily transferred into quantitative 
data giving the changes in the performance of the system. The 
procedure is to compare the response indicated by the curve for 
the damping ratio in effect before the design is changed, say, {2a, 
and the curve for a ¢ equal to {4.4/0 For example, assume that 
a particular design has {,, = 0.5. Then assume that a proposed 
design modification will change +m. by an amount sufficient to 
increase os by a factor of 4. Thesystem then has f = ~/4fo_ = 
1.0, and the effect of the design change on the relative magnitudes 
of peak transient error and the times of duration of the transient 
is shown quantitatively by the curves for ¢ = 0.5 and ¢ = 1.0, 
respectively. At first glance these results may appear to be 
strange for they show that a system originally underdamped and 
having a rather large peak error can be made to have a substan- 
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tially smaller peak error, be less oscillatory, and be substantially 
faster in response by increasing oz. 

The data in Figs. 6 and 7 serve (a) to confirm the heuristic 
conclusion that the negative algebraic sign should be used with 
ms; (b) to show that the magnitude of mz must be substantial if 
a substantial decrease in the time of the duration of the transient 
be brought about; and (c), that operation with less than critical 
damping justifies consideration. It should be remembered, how- 
ever, that it is probably undesirable to approach too close to the 
condition in which o, > 10, that is, m2: = 0.9 J», because of 
the likelihood that the system will become unstable if accidentally 
J» becomes negative. 

The optimum damping ratio for use in any application depends, 
of course, on the magnitude of the transient departure from the 
steady-state error that is permissible. Since there is likely to 
be both viscous and coulomb friction in the output member, the 
steady-state error is actually finite. A net damping ratio such 
that 0.6 < ¢ < 0.8 is then generally satisfactory from the stand- 
point of small overshoot and preferable from the standpoint of 
speed of response, because the error is brought within the steady- 
state operating band about as rapidly as is practicable. 

On the basis of the foregoing arguments and the data in Figs. 
6 and 7 there should be no doubt about the economic value of 
introducing a component of first-derivative response into the 
controller, since by doing so the cost and difficulty of adding 
damping to the output member are eliminated, the unusually 
large power rating required of the servomotor, and the ridiculously 
low over-all efficiency of such a system are obviated. The data 
herein given permit the designer to evaluate quantitatively the 
relative merits of first- and second-derivative response when de- 
signing a specific system. Considering the practical difficulties 
that are encountered when the task of designing a controller to 
yield a second-derivative response with high fidelity is undertaken, 
there are, no doubt, many instances where the returns hardly 
justify the costs. Obviously circumstances alter cases, and in 
many important control applications it is entirely proper to pay 
a rather large premium to decrease the time of duration of the 
transient or the magnitude of the peak transient error by a factor 
of even 2 or less. At such times only a moderate amount of 
control response, which even then only approximates second- 
derivative contro], may prove to be extremely valuable. 

Transient solutions for angle or torque disturbances applied 
to a system with a type 2 controller are readily obtained by the 
procedure given. For the boundary conditions at the instant 

immediately following the application of 
torque or angle, that is, at t = 0+ such that 


« = 63; 00 = zero; pe = pO; = pOo = zero 


lik 


pe = —p0 and p*6, = zero 


the time solutions are identical for those ob- 
tained for a system with a type 1 controller 
with the exception that {2 and waz replace ¢, 
and w,1, respectively. The curves in Fig. 5 
therefore apply to a type 2 controller if ¢ and 
wn are used instead of ( and war. 


8 CoNTROLLERS TO CouNTERACT CoULOMB 
or Loap TorqurEs 


In control applications where the output 
member is principally inertia, an acceptable 
steady-state error is frequently obtained by 
decreasing the viscous and coulomb frictions 
in the output member to a practical minimum — 
and introducing derivative control to estab- 
lish transient stability. At such times type 2 
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control is adequate, However, in applications such as precision 
machine-tool control, calculating machine servomechanisms, and 
so forth, exceedingly precise performance is often demanded even 
when the output member is required to operate against a sub- 
stantial disturbing or load torque 7, in addition to coulomb 
friction. At such times it is really difficult to obtain highly 
precise performance. 

Although only mechanical systems have been discussed thus 
far, it should be remembered that where the mechanisms involve 
electrically operated elements or hydraulic elements, resistance in 
the electric circuits or fluid circuits is just as effective in causing 
steady-state error as mechanical viscous friction. Similarly, the 
induced voltage of an electromagnetic machine, or the operating 
fluid pressure of a hydraulic system, and similar phenomena, 
usually cause effects analogous to those of an output load torque. 
Also, magnetic hysteresis in the magnetic circuits of electromag- 
netic machines, and dielectric hysteresis in the dielectric of capaci- 
tive elements, are analogous to coulomb fricton and equally un- 
desirable. Thus there is inherently a definite limit to the degree 
of precision with which almost any servomechanism having type 
1 or type 2 controller can operate. 

If means to combat these difficulties are to be devised they can 
come about only as a result of a modification to the controller, 
since the controller characteristic is really the only design vari- 
able. Accordingly the basic-error equation will again be ex- 
amined, but this time with a view to devising for the controller 
operator C(p) an expression that will insure not only a stable 
and rapid system, but one which will counteract the effects of 
coulomb or load torques. 

For the system under consideration the error equation is, by 
analogy with Equation [9] 


(Jop + fo)w;(t) + F(w) + Trt) 
Jop? + fop + C(p) 


where the symbol F' signifies coulomb friction torque which is a 
function of the velocity of the output shaft. Since the direction 
of this torque reverses as the direction of rotation reverses, Equa- 
tion [46] is nonlinear and is difficult to handle mathematically. 
If, however, it is assumed that coulomb friction can be repre- 
sented as a constant torque which appears only after ¢ = zero, 
the analysis becomes relatively straightforward and the results 
are still sufficiently general to be useful. On this basis the error 
equation can be written for a velocity input as 


(Jop + foo (é) + F + Tr 
Jop* + fop + C(p) 


For optimum performance it is desirable that the controller 
counteract the results of F and 7x during the period of transient 
operation as well as during the steady state. The transient-error 
behavior is indicated to a considerable extent by the nature of the 
roots of the denominator of Equation [47]. The steady-state 
error for a constant disturbance, however, is given directly by 
the foregoing error equation if p is put equal to zero after the 
equation is converted to the ratio of two polynomials, Therefore 
from the mathematical viewpoint at least, the steady-state error 
would be made zero if the controller were modified so that the 
law of control would have the effect of multiplying F and Tx by p 
in Equation [47]. Then when this is done an attempt might 
be made to adjust the magnitudes of the resulting function C'(p) 
to give the desired transient performance. Thus both objectives 
would be achieved. 

The process of synthesizing a controller operator C(p) which 
would achieve these objectives can logically start by multiplying 
the numerator and denominator of Equation [47] by p. The 
error equation then has the form 


e(f) = 


e(f) = 


pop + foo) + pf + Tx) 
PlJop? + fop + C(p)] 

The steady-state error is now zero, provided the denominator is 

a polynomial containing a constant term. The restrictions that 


may be imposed on the operator C(p) to achieve satisfactory 
transient response are that the roots of the polynomial 


: plJop? + fop + C(p)] = 0) 


Ay = 


or 


Jop* + fop? + pC(p) = 9 


have substantial negative real parts and, if complex, have magni- 
tudes of the imaginary parts that provide reasonable periods for 
the oscillation of the system. Since one of the criteria to be 
satisfied in order for the roots, to have negative real parts is that 
the polynomial have all the coefficients of the same algebraic 
sign, the simplest form for the function pC(p) is 


DOD EH" Op AAD Sees os rca [50] 


where a and 6 are positive real quantities. 

The result of this analysis has been to show that in order to 
counteract constant output torques a controller is required whose 
response is proportional to the error plus the time integral of the 
error. Actually, it has been known for some time that this re- 
sponse is of value in control problems of the type herein dis- 
cussed, since it was demonstrated by Minorsky (5) as early as 
1922 and treated by Mitereff (23) in 1935. 

To those already familiar with automatic-control theory, more- 
over, it may appear that the foregoing analysis amounts to much 
ado about nothing This really is not so, however, for while to 
some persons it may have been obvious after a little thought that 
the inclusion of an integral term in the controller response would 
achieve the results desired in the simple example cited, it is not 
always so easy to reach reliable conclusions in more complicated 
control problems. On the other hand, the procedure here pre- 
sented whereby the form of controller characteristic is deduced 
(a) by first examining the error equation with a view to seeing 
what properties it must have to yield the solution desired and (6) 
by manipulating it mathematically to give it these properties, is 
quite powerful and widely applicable in control problems. It 
readily yields data that are directly interpretable in terms of the 
design of a suitable controller: 

In the analysis which follows the integral-plus-proportional 
controller is referred to as type 3. For the purposes of generality, 
and also in the interests of improved transient response of a servo- 
mechanism with this type of controller, the general form of the 
operator for type 8 control is taken as 


Ci(p) = ke = Lop © map? sie ee ee [51] 


where ks, 1, ms, and nz are all positive real quantities and, except 
for l; and ms, they can be associated only with the positive alge- 
braic sign because of stability criteria. 

The substitution of C3;(p) from Equation [51] in Equation [48] 
gives for the error of a servomechanism with a type 3 controller 


(Jop? + fop)o,(t) + pf + Pr) 


AMIS 
el!) Jp? + fap? + ksp + ns 


where 


J; = Jo =m and fs =fo#ls MoE tars alee [53] 


9 Transient SoLuTION or SeRVOMECHANISMS WiTH TYPE 3 
CONTROLLER 


Equation [52] does not readily yield a solution adaptable to 
simple graphical presentation from the design standpoint, because 
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of the large number of design variables and the complexity result- 
ing from the third-order denominator. As Equation [52] stands, 
however, it shows that the steady-state error is zero for either a 
constant input angle, a constant input velocity, or a constant 
disturbing torque on the controlled member. However, if the 
input undergoes a constant acceleration, pei, the steady-state 
error is 


The question of an ideal versus a nonideal controller arises 
when a solution of Equation [52] is attempted for a step-function 
disturbance of angle or velocity. Itisseen by inspection of Equa- 
tion [52] written in the form of a step function of angle, that the 
operational solution at ¢ = 0 for the equation as it stands is 


This result can be obtained by taking the limit of the error equa- 
tion as p tends to infinity. For this value of e(0) to occur the 
output member would have to undergo a finite displacement in 
zero time. No physical controller can accomplish this with an 
output member that comprises mass because the mass cannot 
be moved in zero time by only a finite torque. This argument is 
given only briefly for simplicity. If the differential equation of 
Equation [52] is solved by classical methods subject to physically 
realizable boundary conditions at £ = 0, and especially that «(0) = 
6;(é) at ¢ = 0, the solution will be correct. Alternatively, if 
methods of formulating the equation such as those of LaPlace (9) 
are followed, the term J; appears in the numerator of the error 
equation, and not Jo. For these reasons the liberty is taken here 
of writing the error equation in corrected operational form for a 
velocity disturbance as 


(Jsp? + fop)o; + p(F + L) 


ee ee 55 
a Jsp* + fop? + kp + ns Be! 
and for an angle disturbance as 
Jsp3 *)6; F 
neni asian Est h aeee [56] 


Jsp* + fap? + kp + ns 


It is desirable to attain some simplification of Equations [55] 
and [56] before attempting a solution. Simplification occurs, 
partially at least, by writing the equation in a dimensionless form. 
Two forms have been found useful. One follows from a method 
originally indicated by Weiss (10). The other follows by recog- 
nizing that the factors of a cubic equation can be written as a 
quadratic times a real root. Both forms are helpful in design 
studies. Weiss has prepared useful charts (10) giving the roots 
of the cubic in forms that aid many design problems. Liu (11) 
and Evans (12) have prepared charts in the form that is of special 
significance when the cubic is written as a quadratic factor and a 
real root. These charts have been found somewhat more useful 
than those of Weiss, because they permit the solution to be written 
in terms of damping ratios and undamped natural frequencies, 
with the result that the data already given in dimensionless form 
for type 1 and type 2 servos can be made immediately applicable 
semiquantitatively simply by matching characteristics of the oscil- 
latory components for ¢ and «@,. 

The dimensionless form that follows from the work of Weiss 
writes the denominator of the type 3 servo 
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in the form 
p* + 20np? + op + So,* = 0 


where the terms ¢,, w,, and S are merely defined by applying the 
approach used for nondimensionalizing the quadratic, and 
in the case of £, and w, do not represent a damping ratio or un- 
damped natural period. By definition 
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criteria. 
The alternate form, as used by Liu and Evans, writes the de- 
nominator as 


(pF fone) (p= Aka Diesta Glee) a0 eererarey [60] 


where ¢, and w,, now represent specifically the damping ratio and 
undamped natural period of the quadratic factor or oscillatory 
component. 

The relations between S, ¢,, w, and & {,, and w,, are 


fa 


(25) + E)wng = 25.0, = Forittretees [61a] 
3 
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An interesting application of the merits of these so-called di- 
mensionless forms of equations results from a study of the follow- 
ing problem: Assume that integral response is to be introduced 
into a controller which initially has a ratio of output damping to 
total damping a; = 0.2 and a damping ratio ¢ which is also ¢. = 
0.8. Assume that it is desired to investigate the form of the 
transient response to a suddenly applied velocity or angle as 
integral response is introduced into the controller in amounts rep- 
resented by S = 0, 0.2, 0.4. Since the servo without integral 
control has already been studied in terms of curves using wnt as 
the dimensionless time, see Figs. 4, 5, and 6, the same form of 
dimensionless time can again be used to advantage. 

Table 1 shows the dimensionless solution for the error equation 
of the form 


[p? = @ngO3(2Eq SF £)p Je; 
(p a Ewng) (p? ae 25,0 ngP a ee) 


[p3 a5 Wng(2bq an £)p?]6; 
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where load torques are neglected. 


e(t) = 


e(t) = 


I 
= 
oO 
D> 

S) 
= 


e(t)on  , e(t) 


and — as a function of 
i ; 


Figs. 8 and 9 show the solution of —— 


a), 
@,l. 

The numerical solutions were obtained using the cubic chart 
prepared by Liu (11). Values of ¢, and S are known and are the 
values used to enter the chart for determining the values of ¢,, é. 
Finally w,, is computed from S and & using the relation 


s\"s 
on z 


One observation predominates from an inspection of Figs. 8 
and 9, namely, that a system which initially is well damped and 
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TABLE 1 


For a suddenly applied input velocity disturbance Wy 
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RESPONSE OF A SERVOMECHANISM WITH A TYPE 3 CONTROLLER 


For a suddenly applied input angular disturbance 9, 
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fast becomes more oscillatory and faster as integral control is in- 
creased. To procure a reduction in the degree of oscillation, it is 
apparent immediately that ¢, must be increased because this 
parameter controls the oscillatory component. A valuable 
feature of the dimensionless study using curves such as those pre- 
pared by Liu is now recognized because the curves of either Weiss 
or Liu quickly show the manner in which ¢, or S must be varied 
to give the desired ¢,. Although these parameters are dimension- 
less, their transformation into real parameters is simple so that 
actually the curves directly give quantitative data. It is inter- 
esting to note that there is always a value of ¢ beyond which 
little improvement in ¢, is obtained, thus necessitating a review 
of the whole design problem. 


10 Systems Invonvine Enercy Srorace ELEMENnts IN 
ConrROLLER OR OUTPUT 


In the preceding analysis the controller has been assumed to 
be an element that correctly obeys the law of control as given for 
C(p). While this condition is approximated in many systems, 
certain inherent properties of physical elements cause the intro- 
duction of other considerations into the analysis. For example, 
the output stages of controllers, which involve power amplifica- 
tion or the servomotor driving the output member, will frequently 
include (a) inductance if it is electromagnetic, (b) elastance of oil 


lines or inertia of valves or pistons if it is hydraulic, (c) elastance 
of air lines if pneumatic. Thus energy storage and energy dis- 
sipation occur throughout the system with attendant so-called 
“response delays.”’ ‘The over-all controller response T(t) is then 
not in phase with the signal that actually initiates the action of 
the servomotor elements, as is implied by Equation [12]. 

When the response of any element is fast compared with the 
system response, its response may be considered instantaneous 
because the energy storage can usually be neglected. When its 
response becomes comparable with the speed of system response 
it is necessary to modify the operator for the controller to intro- 
duce the effects of these energy storage elements into the analysis. 
To do this let a new operator D(p) be used to describe the over-all 
performance of the controller-servomotor combination, where 
D(p) = C(p) A(p) and in which C(p) characterizes only the por- 
tion of the controller that receives the error signal ¢(t) and oper- 
ates on it to yield the proportional, derivative, or integral com- 
ponents of control, and A(p) takes account of the energy storage 
or “response delay” in the controller output or the servomotor. 
Equation [2] now becomes T(t) = C(p) A(p) e(t) and the over-all 
system operator from Equation [4a] becomes 


1 + C(p) A(p) Ho(p) 


As an illustration, consider that the controller comprises & 
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(Amount of integral control is given by S = 0, 0.2, and 0.4.) 


vacuum-tube amplifier that energizes the field of a generator sup- 
plying an electric servomotor. The operator C(p) characterizes 
the vacuum-tube amplifier field circuit of the generator. If it is 
assumed that the build-up field flux in the generator is substan- 
tially in phase with the grid signal on the amplifier, the principal 
response lag will be in armature current. The build-up of servo- 
motor torque will lag the generator-field flux because of inductance 


La and resistance Ra of the two armatures. The operator A(p) 
characterizing the servomotor would then have the form 


i K 
«Lap + Re 


Thus for the system considered in Fig. 3, Equation [9] would 
take the form 


A(p) 


Si Lop + Ra 
K(Jop? + fop)(Lap + R,) + C(p) 


A typical block diagram for a system involving several ele- 


CONTROLLER 


Fie. 10 Buocx DiacraM ror SERVOMECHANISM CoMpPRISING SzEy- 
ERAL ENERGY STORAGE ELEMENTS IN CASCADD 


e(t) [(Jop + foo (t) + To(t)] 


ments, each with response lag, is shown in Fig. 10. The over all 
system operator for such a system is 


11a Controller || Preamplifier |} Servomotor on 
O to’ 
Operator Operator perator Gatun 


which leads to a characteristic equation involving high powers of 
p for which the labor in getting transient solutions may be con- 
siderable. The matter is discussed in section 13. 


11—Sysrems Wits Output FreepBack 


In many servomechanisms the error signal given by the error- 
measuring means is of such a form that it cannot even be easily 
differentiated once to give good control signals for stabilizing pur- 
poses, as previously discussed for a type 2 system, let alone be 
differentiated twice. In some cases the particular embodiment 
that the servomechanism takes makes it undesirable to employ 
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derivative networks. Frequently the error is of such form that 
good techniques for giving its time rate of change do not exist. 
Methods of contro] that will yield the desired stability or dy- 
namic performance without error differentiation therefore be- 
come necessary. The method most commonly used is to feed- 
back (14) to the input a signal that is some function of the re- 
sponse of the servo output, or a response just ahead of the output. 
Fig. 11 shows the block diagram for a typical system involving 
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FEEDBACK 
NETWORK 


Fiqg. 11 Buock DragraM FoR SHRVOMECHANISM COMPRISING Srv- 
wraL Enpreay Storage ELEMENTS IN CASCADE AND FEEDBACK 
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feedback. ‘The particular functional relationship between the 
output and the feedback signals is established by an arrangement 
of elements inserted specifically for the purpose, and for which a 
feedback operator is known or can be deduced. No standard rule 
can be given for the form of the operator used for the feedback 
(14) since the choice of derivative, integrative, or even the num- 
ber of feedback elements becomes a function of the specific appli- 
cation for which the servomechanism is intended. 

As a general rule the introduction of feedback networks adds 
energy-storage elements into the system and increases the powers 
of p in the characteristic equation. By the application of the 
operator relations for the resulting network the over-all sys- 
tem operator becomes for Fig. 11 


Controller || Preamplifier |} Servomotor |} Output 
Operator Operator Operator Operator 
1. eo” IP) 
Controller || Preamplifier || Servomotor || Feedback 
1—| Operator || Operator Operator Operator 


12 Transrenr ANALYSIS OF Systems INVOLVING H1GH-ORDER 
CHARACTERISTIC EQUATIONS 


In the systems of the types discussed in sections 10 and 11 the- 


characteristic equations invariably involve high powers of p. 
The transient analysis then becomes complicated because of (a) 
the difficulty of determining the parameters of all elements such 
as inertia, elastance, inductance, damping, amplification, torque 
gradient, and so forth, for each element in the system and (0) the 
labor of getting the roots and the time solutions to problems in- 
volving characteristic equation of high orders. While the analy- 
sis may be classified as tedious, the synthesis of controllers and 
feedback elements by the transient methods is difficult because 
the coefficients of the powers of p in the characteristic equation 
are a heterogeneous arrangement of many of the parameters of 
the elements of the system. Thus even when the work of obtain- 
ing the transient solution has been completed it is difficult to 
identify any particular element in the system that must be 
changed to cause any preselected modification in system behavior. 

A qualitative knowledge of the transient behavior that is use-. 
ful for many purposes may, however, be obtained by recognizing 
that the characteristic equation can be factored into the product 
of quadratic factors as follows 
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Each quadratic factor contributes to a mode of oscillation in the 
solution having damping ratios fa, fo, ¢¢ and undamped natural 
frequency wng, nd, nc, and so forth. Then by the principle 
of linear superposition the servomechanism response is the sum of 
the responses attributed to the specific modes a, 6, c, etc. Thus 
for each component of error response the duration of the tran- 
sient is given qualitatively by reference to the types of solutions 
given in the body of the paper for simple quadratics, and the rela- 
tive magnitudes of the transients can often be approximated from 
the observation that the higher the magnitude of the root the 
smaller the coefficient of the time solution involving that root. 
It should be remembered that the parameters of the several ele- 
ments in a system are not always known to high degrees of accu- 
racy, and that approximate or graphical methods (11, 12, 19, 20, 
22) that give the roots to the characteristic equations® to a few 
significant figures are justifiable and timesaving. 

Because of the difficulties mentioned the transient method of 
analysis of complicated systems becomes most valuable as an 
aid to the visualization of the performance of a system rather than 
an aid in its design. If a designer has carried out the analysis of 
the dynamic performance based upon transient studies he can 
correlate the information with the actual performance if he gives 
any physical system a transient disturbance by any one of several 
means readily available to him and then observes or measures the 
response. 

The next section of the paper treats a method of analysis that 
is particularly useful in the design of complicated systems. This 
method is sometimes termed the transfer-loci method and is based 
upon the frequency-response characteristic of the servomecha- 
nism, 


13 FrequENCY RESPONSE OF A SERVOMECHANISM 


The difficulties of analyzing or synthesizing a complex seryo- 
mechanism or automatic-control system by the transient method 
of analysis early became apparent to several investigators and a 
search was made for a more powerful and less cumbersome method 
of analysis. During this search it was natural to examine the 
methods employed in electrical analysis since complex electrical 
circuits had been analyzed and synthesized effectively for many 
years. Circuit analysis has been effectively carried out for some 
time through the study of its frequency-response characteristics. 
It appeared that the same general approach might prove effective 
in servomechanism design. Nyquist had developed a powerful 
means of determining the stability of feedback amplifiers through 
a study of its frequency-response characteristics and the simi- 
larity between feedback amplifiers and servomechanisms had been 
recognized. In 1942 Harris (21) pointed out that genuine im- 
provements in design technique might result from applying the 
frequency-response method of analysis to servomechanism design, 
and in 1943 Hall (13) presented a thorough treatment of servo- 
mechanism analysis and synthesis by frequency-response methods. 
As a result of these investigations the frequency-response ap- 
proach to servomechanism analysis has been developed into a 
powerful tool. Most of the remainder of the present paper is 
adapted from the paper by Hall (13). 

The term “frequency-response characteristic,” when applied to 
a mechanism, refers to the relationship between the input and 
the output of that mechanism when the input is a sinusoidal func- 
tion of time. Inservomechanism terminology, if @;(t) is the input 
and 6)(é) is the output of a servomechanism (see Fig. 2) then if 


5 For a summary of graphical and analytical methods of obtaining 
the roots to characteristic equations, see Appendix C of the book by 
Ed 8. Smith (22). 
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0; (6) 2 eA Sn sothiges ee ei cee te [57] 
and A is small it will always be true that 
QO) = JEstin (PSE Olan adeodhosooK [58] 


In these equations A is known as the amplitude of the input, B 
is known as the amplitude of the output, w is the angular fre- 
quency of motion of 6;(t) and @(¢) (equal to 2xf where f is in 
cycles per second), and ¢ is the relative phase angle between 
6;(£) and 60(é). 

The amplitude ratio B/A, and the phase angle ¢, when deter- 
mined as functions of angular frequency w, comprise the fre- 
quency-response characteristic of the servomechanism. 

As just shown, the relationship between @(t) and 6;(¢), when 
6;(£) is a sinusoidal function of time, is specified by a magnitude 
(B/A) and an angle (¢). These two quantities can be considered 
as the defining properties of a vector whose amplitude is (B/A) 
and whose phaseis ¢. Thus it is frequently stated that a vector 
relationship exists between 6;(¢) and 60(£), when 6;(£) varies sinu- 
soidally with time. This vector relationship is represented sym- 


6 Tae t 
bolically by 7 (jw) in which j(= /. —1), itself, is generallythought 
5 
of as a vector and emphasizes the vector properties of the ratio. 


6 3 : : 
The vector ratio, e (jw) is characterized by an amplitude 


ty 
, and a phase, arc E ds | 


6 
at) 


The preceding development is briefly summarized as follows: 
If in a servomechanism 


O:(t) = Ac SINOl necro este oe oe [57] 
then 


6(t) = B sin (wt + ¢) 


By definition the frequency response is denoted by 2 Ge). The 
amplitude response is given by 


8 B 
= Salt. hE UES Sea 5 
6, (J) A [59] 
and the phase response is represented by 
6 
are E ce) | Syst: onde tte aereras [60] 


The amplitude and phase response curves of a typical servo- 
mechanism are illustrated in Fig. 12. 

The curves in Fig. 12 may be obtained (a) by calculation, if the 
constants of an actual or proposed design are available, or (b) by 
measurement, if the servomechanism itself is available. The 
frequency-response characteristic is measured by moving the in- 
put sinusoidally at a fixed amplitude but at various frequencies. 
At each frequency the amplitude of the output and its phase rela- 
tion to the input motion is measured. The ratio of the ampli- 
tudes, plotted for each frequency, yields the first of the curves in 
Fig. 12. The phase difference between the input and output 
plotted for various frequencies gives the second of the curves in 
Fig. 12. The curves in Fig. 12 are readily calculated if the con- 
stants of the system and the differential equation relating the 
output to the input are known. The calculation is effected by re- 
placing the operator p by the frequency operator jw (where 7 = 
+~/—1) and applying conventional vector arithmetic. 

The frequency response of a servomechanism may be closely 
correlated with its transient response. Important natural fre- 
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quencies in the transient response are indicated by peaks in the 
amplitude-response curve. The magnitudes of the peaks of 
the amplitude response are measures of the relative damping of the 
natural frequencies of the transient response. The frequency 
band over which the amplitude response has a substantially con- 
stant magnitude is a measure of the speed of response to tran- 
sients, since a high natural frequency (and therefore a high speed 
of response) is linked with a high resonant frequency in the ampli- 
tude response. When, as just indicated, the frequency-response 
characteristic is correlated with the transient-response characteris- 
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tic, the former becomes a powerful means of analysis. The cor- 
relation between the sinusoidal and transient characteristics is 
illustrated by comparing the transient and frequency response 
of a simple servomechanism, representable by a second-order dif- 
ferential equation. Such a servomechanism comprises a servo- 
motor with a moment of inertia and damping and whose output 
torque is proportional to the error. 

If the input 6;(t) is a step displacement and the output 60(¢) 
is determined for various values of the damping ratio, the set of 
transient responses illustrated in Fig. 13 results. If 0;(t) is made 
a sinusoidal function 


6,(t) = A sin wt 

and the amplitude response of the output 60(t) is determined, the 
set of curves in Figs. 14 and 15 is obtained. Comparison of 
the transient and frequency responses reveals a number of points 
of correspondence: (a) The frequency at which the transient re- 
sponse oscillates (the natural frequency) is approximately the 
same as the frequency at which the amplitude response has a 
peak (the resonant frequency); (6) as the damping ratio is re- 
duced the transient response becomes more oscillatory, and the 
peak in the amplitude response is magnified; (c) when the damp- 
ing ratio is made larger than unity the transient response becomes 
sluggish and the amplitude response falls off rapidly without a 
peak. 

It is frequently convenient to combine the information con- - 
tained in the amplitude-response curve and in the phase-response 
curve of a system by a single graph. This can be accomplished 
by remembering that the amplitude ratio and the phase angle are 
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quantities defining a vector which relates the output and input. 
As the frequency of the input is varied this vector varies in 
phase and magnitude and the amplitude- and phase-response 
curves present the information on the manner in which these two 
properties of the vector change with frequency. The same in- 
formation can be provided in an alternative way by plotting on 
polar co-ordinate paper the path followed by the tip of the vector 
as the frequency varies over the band of interest. If various 
points of the curve are labeled with the frequency to which they 
correspond one curve will supply the information contained in 
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two curves when the amplitude and phase response are plotted 
separately. This graphical presentation is known as the locus 
of the frequency-response characteristic. It is illustrated in Fig. 
16 which was drawn for the same second-order system to which 
the curves in Figs. 14 and 15 apply. The principal advantage 
of presenting information in this fashion lies in the means it pro- 
vides for visualizing the frequency response and in the fact that 
it emphasizes the very important relationship that always exists 
between the amplitude and phase responses of a system. 


14 SERVOMECHANISM TRANSFER FUNCTION 


It is clear from the block diagram in Fig. 11 that a single func- 
tion completely defines the performance of a servomechanism in 
whith the feedback link contains no frequency-dependent ele- 
ments. The defining function is the relationship between the 
servo output 6 and the errore. If this relation is known in opera- 
tional, sinusoidal, or time-response forms, the performance of the 
system is completely defined for all conditions that may be im- 
posed upon it. This function, relating the servomechanism out- 
put to its error, has been termed the “transfer function” of the 
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Fic. 16 Locus or FREQUENCY-RESPONSE CHARACTERISTIC OF 
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servomechanism. When the sinusoidal or frequency-response 
form of the transfer function is studied it becomes a powerful 
analysis and synthesis tool. The transfer function may be de- 
rived from a known frequency-response characteristic of the servo- 
system, it may be measured directly, or if system constants are 
known, it may be calculated directly. 

In terms of the nomenclature previously established in this 
paper the operational form of the transfer function is written 


6 
= (p). The sinusoidal form of the transfer function is obtained 
€ 


by replacing the operator p by jw, giving i (jw). This function is 
€ 
a vector quantity with an amplitude and a phase characteristic 


just as the ratio . (jw) is a vector quantity. 

The transfer function of a servo system is always the product of 
two parts, one that is invariant with frequency and a second that 
is frequency-dependent. The fact that these two components 
exist is emphasized by writing the transfer function in the follow- 
ing form 


“Ge) SUMONG non hoodoo tne eens 


The term K represents that part of the transfer function which is 
invariant with frequency. This portion is known as the gain or 
the sensitivity factor and is a functionofamplifier gain, gearratios, 
etc. The second part of the transfer function is denoted by 
G(jw) and represents the portion of the transfer function which 
changes with frequency. 

The frequency response of the servomechanism is connected 
with the transfer function by the following vector equation 


The transfer function of a system is calculated by straightforward 
cireuit-analysis techniques, or by determining the differential 


d 
— by jo. 


equation relating the output to the error and replacing a 
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15 Tur Transrer-Function Locus 


The transfer function can be studied by means of its frequency 


characteristics just as other functions have been so studied. The 
amplitude- and phase-response curves of the transfer function 
can be drawn and these curves completely define the characteris- 
tics of the transfer function of the servomechanism and therefore 
completely define the system itself. Just as the phase- and 
amplitude-response curyes were combined into a single polar 
plot with frequency as a parameter, so can the frequency- and 
phase-response curves of the transfer function be combined. 
This parametric polar plot of the transfer function has been called 
the “transfer-function locus,’ or simply the transfer locus of 
the servomechanism. The transfer locus completely defines the 
characteristics of the servo system. A study of its nature provides 
an effective method for the synthesis of servomechanisms in- 
tended for particular applications and a useful general guide to 
the adjustment of servomechanism parameters in order to secure 
optimum performance. 

The reason for the effectiveness of employing the transfer func- 
tion KG(jw) as a means of analysis is explained as follows: 

If it is desired to analyze the response of a servo and design 
compensation circuits for improving its performance, the function 


= Ga) is awkward to work with directly. The reason for this 


+ 


arises from the complex nature of the relation between oe) and 

7 
the system parameters. On the other hand, it has been shown 
that the performance of the servo is completely determined once 
the transfer function KG@(jw) is known. A much simpler relation 
generally exists between the system parameters and the transfer 
function so that it is comparatively easy to synthesize a controller 
once the required form of the transfer function is known. The 
system design is applied to choosing, altering, and improving the 
servomotor or servo controller, the characteristics of which di- 
rectly affect the transfer function KG (jw). 

Design criteria expressed in terms of restrictions upon the 
transfer function are therefore most easily translated into physi- 
cal design. However, the final decision as to the quality of the per- 
formance of a particular servo is made from a knowledge of the 
character of its output function, and it is necessary therefore to 
translate restrictions upon the output and function into restric- 
tions upon the transfer function. 
as follows: 


The situation is summarized 


It is necessary to know the phase and magnitude of ee in 
order to decide if the servo is satisfactory. In synthesizing a 
servo it is easier to work with the transfer function KG(jw). By 
correlating the transfer-function characteristics with the proper- 
ties of the system frequency response, an effective design proce- 
dure can be developed. The correlation of these two functions 
is most easily effected graphically, as described in the following: 

If a parametric frequency plot of the transfer function KG(jw) 


2 : : Shetily i 
is available, the magnitude and phase of the function “ (jw) may 


7 


3 a 6 
be found by graphical calculation. The function 5 ie) has been 


related to the transfer function by Equation [62]. 
A plot of a typical transfer function KG@(jw) is illustrated in Fig. 


Sroye : 6. 

17. Suppose it is desired to calculate 5 ie) for a particular fre- 
; 

quency w,, with only the transfer locus available. The transfer 


function at w,, KG(jw,), is represented by the vector oc while the 
vector ac represents the term [1 + KG@(jw,)], since the point a is 
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6 
located at (— 1 + j0). Therefore the magnitude of 5 ie) is 


given by 
Bo. [KG (jee) | |oc| / 
= = oo ee 63 
Pee li + KGGa,)| — Jacl ad 
6 
while the phase of * ie) is given by 
Oo. 
are [Feo = ALC) (OC2) 1. eee esl 
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8 
The angle, arc (oca), is negative. Thus the magnitude of 5 ie) 
‘ — 
is equal to the ratio of the magnitudes of the vectors oc and ac 


6 
and the phase of 9 ie) is equal to the angle between these two 


vectors. 
Equations [62] and [63] permit ready visualization or calcula- 


; A 6 : 
tion of the magnitude and phase of ie) At small frequencies 
é 


such as wy (see Fig. 17), both vectors oc and ac are large and ap-- 
proximately equal, and their ratio is approximately unity. The 


6 
angle between the two vectors, the phase of 5 de is small at this 


frequency. As the frequency increases the angle between the 
two vectors increases and their lengths become smaller so that 


differences in their lengths cause the ratio 2 to depart from unity. 
ac 


OC : 60. . 2 
Whether the ratio = (the magnitude of 7 el) increases or de- 
ac 1 i 


creases as the frequency increases depends upon the shape of the 
curve relative to the origin and the point (— 1 + j0). A con- 
tinuation of this reasoning for the remainder of the frequency 
range permits the general shape of the phase and magnitude of 
the servo output to be completely determined. If desirable, the 
phase and magnitude curves can be determined from the transfer 
locus with accuracy and ease by using a protractor and divider 
and measuring the angles and lengths directly from the grapH. 

Correlation between other servomechanism characteristics and 
the shape and form of the transfer locus are described in the fol- 
lowing sections. 


16 AssoLuTeE Stasiniry CRITERION 


The primary requirement that almost every servomechanism 
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must satisfy is that of stability. Although a servo system must 
be more than barely stable to be satisfactory, a stability criterion 
of one type or another is generally the first test applied to pro- 
posed servomechanism design. Several criteria exist; however, 
the one described here was developed primarily for application to 
feedback amplifiers. It is at once apparent to those familiar 
with feedback-amplifier theory that the transfer locus of a servo- 
mechanism is analogous to the Nyquist diagram of a feedback 
amplifier. The term Nyquist diagram has been given to this 


type of plot for a feedback amplifier because of a very useful 


criterion developed by Nyquist (8) for determining the stability 
of a feedback amplifier. This criterion may be applied equally 
well to the transfer locus in order to determine from its shape and 
position whether or not the servomechanism for which it is drawn 
isstable. To apply the Nyquist stability criterion to servomecha- 
nisms, the following procedure is employed: (a) The transfer 
locus [KG@(jw) plotted in polar form] is drawn for all frequencies 
from zero to infinity; (6) the conjugate of the transfer locus is 
drawn. The conjugate of a curve is the mirror image of the 
original curve about the real axis; (c) if the curves so formed 
enclose the point (— 1 + j0), the system is unstable. If the 
curves do not enclose this point, the system is stable. The appli- 
eation of this criterion is illustrated in Fig. 18. 

The foregoing criterion applies to curves of closed form; that 
is, it applies to transfer loci of such character that the loci and 
their conjugates join at zero and at infinite frequency. Actually 
the transfer loci of most servomechanisms are of the open form 
and some extension is required in order to apply the stability 
criteria to these forms of transfer loci. The open form of the 
transfer locus can be changed into the closed form by connecting 
the curve and its conjugate at the zero-frequency point by means 
of a circle of infinite radius. The connection should always be 
made in such a way that no phase discontinuity occurs along the 
path of the curve. 

This is illustrated in Fig. 19 in which are plotted the trans- 
fer loci of two common types of servomechanisms, both of which 
are stable. 


17 Transrer Loct ror Various TYPES OF Srrapy-STATE 
PERFORMANCE 


The performance of a servomechanism under steady-state 
conditions is always of great importance. Tf the servomechanism 
is primarily a positional device it is desirable that the servo- 
mechanism take up various positions without requiring an error 
to maintain it in that position. Similarly it is frequently neces- 
sary for the servomechanism to follow an input of constant ve- 
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locity, thatis, one in which 6,(t) = kt. In this case it is desirable 
for the servomechanism to follow various velocities as required 
without the necessity of a system error to maintain that velocity. 
Servomechanisms that satisfy the first condition frequently are 
termed zero-displacement-error servomechanisms and servos that 
meet the second condition similarly are called zero-velocity-error 
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servomechanisms. It can be readily shown that if the transfer 
locus of a servomechanism approaches infinity along the negative 
imaginary axis, the servo will have zero-displacement error. 
Similarly if the transfer locus of a servomechanism approaches 
infinity along the negative real axis that servo will have zero- 
velocity error. The zero-velocity-error servo will, of course, have 
zero-displacement error also. In Fig. 19 is illustrated the trans- 
fer loci of a zero-velocity-error system and of a zero-displacement— 
error system. 

This concept can be extended to servo systems that will fol- 
low a constant input acceleration without steady-state error, and 
so forth. 


18 DeTERMINATION OF THE Gain FAcTOR (K) 


The particular servo parameter most easily adjusted is, per- 
haps, the gain factor K, which is the frequency invariant portion 
of the transfer function, KG@(jw). If the servocontroller is an 
electronic amplifier, the gain may be fixed, in general, by adjust- 
ing a voltage divider controlling the gain of the amplifier. The 
gain factor of systems incorporating controllers other than elec- 
tronic amplifiers may be less easily adjusted, but the procedure 
in most cases is still relatively simple. Since the gain is easily 
adjusted and since its setting is so important in determining the 
characteristics of a servomechanism, it is important to develop a 
technique of gain adjustment that yields optimum results in servo 
performance. 

The effects of increasing the gain or sensitivity of the servo- 
mechanism are (a) the velocity error of the system is reduced 
if the servomechanism is of the zero-displacement-error type; 
(b) errors caused by restraining torques on the servo output are 
reduced; (c) errors caused by mechanical misalignment in the 
servomotor or controller are reduced; (d) the imaginary compo- 
nents of the complex roots of the system (the natural frequency or 
frequencies of the system) are increased in most cases; (e) the 
magnitudes of the real roots of the system are increased in most 
eases; and (f) the real parts of the complex roots of the system 
(the damping constants) in general are decreased. The first ° 
three of these effects reduce the system steady-state error; the 
next two increase the speed of response of the system, and the last 
reduces the speed of response of the system in that the time re- 
quired for a transient oscillation to damp out is increased. A 
general rule that can be deduced from the factors) given is that 
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the servomechanism sensitivity should be as high as is compatible 
with proper servo stability. 

Any physical closed-cycle system can be made unstable if the 
sensitivity is sufficiently increased. This is evident from the 
transfer locus of a physical servomechanism since such a locus 
always crosses the real axis and therefore as the sensitivity or 
gain factor K is increased, the locus will enclose the (— 1 + jO) 
point at some finite sensitivity and the servo will become un- 
stable. The gain factor should always be adjusted to avoid 
instability. 

Most applications, however, require not only that the servo be 
stable but that its degree of stability be satisfactory. The degree 
of stability determines the damping of the oscillatory components 
of the servo transient response and in general the gain fac- 
tor should be so selected that these response components are 
well damped. When the oscillatory components are insufficiently 
damped the transient response requires an excessive time to reach 
its final value and exhibits excessive overshoot. In addition, 
the amplitude response possesses excessively high peaks. The 
effect on the transient response is illustrated in Fig. 13 which 
shows that as the damping ratio is decreased the oscillatory nature 
of the system is more pronounced. The effect on the amplitude 
response is indicated in Fig. 14 which shows that as the damping 
ratio is decreased the magnitude of the peak in the response is 
augmented. 

When a servomechanism is designed on the transient basis the 
degree of stability is controlled by requiring the effective damping 
ratio to be of the order of 0.5. When a servomechanism is de- 
signed on the frequency-response basis it has been found that 
an equally satisfactory criterion is to limit the magnitude of 
peaks in the amplitude response to approximately 11/;. Neither 
requirement is based upon exact mathematical criteria; both 
have been found to give good results in almost every applica- 
tion. 

The determination of the gain factor K, that will limit the 
maximum value of the amplitude response to a prescribed value 
and thus provide adequate damping in the system, is easily carried 
out graphically through the use of the transfer locus of the sys- 


tem. If the ratio 


6 
7 (jw) | is denoted as M for a particular fre- 


quency, curves of constant M can be drawn in the KG(jw) plane. 
These curves turn out to be circles whose centers and radii are 
easily determined. A set of these circles is illustrated in Fig. 20 
together with the transfer locus of a typical servomechanism. 
The significance of these curves lies in the fact that wherever the 
transfer locus crosses one of these circles it indicates that at the 


frequency for which the intersection occurs the value of 


6 
‘i (jee) 


is equal to the M corresponding to the intersected circle. Thus 


6 
in Fig, 20 i (jw)| for the system whose transfer locus is denoted 
v 


by K — 1 will have a value of 1.1 at 1 cycle per sec, 1.5 at 2 
cycles per sec, 0.75 at 3 cycles per sec, etc. A value of M can 
generally be found so that the circle corresponding to this M value 
is tangent to the transfer locus at some point. A point of tan- 


Lene , A ,. ths 
gency indicates that the function | : (jw) | has a maximum or a 


t 

minimum at that point. Thus in Fig. 20 the transfer locus 
' drawn for K = 1is tangent to the M = 1.5 circle, indicating that 

the output function has a maximum of 1.5 at 2 cycles per sec. 
Also drawn in Fig. 20 are the transfer loci for the same servo- 
mechanism with different values of gain factors. It is evident 
that the maximum value of the output function increases as the 
gain factor is increased. The proper degree of stability is deter- 
mined by se choosing the gain factor that the transfer locus cor- 
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responding to this gain factor is tangent to the circle drawn for the 
predetermined maximum value of M. 


19 Bastc-Drsicn PRocEDURE 


Since the transfer-function approach is perhaps most useful in 
the design and synthesis of servomechanisms, the principal steps 
in the design procedure employing the frequency-response 
approach are summarized as follows: 


(a) Determine the transfer function KG(jw) for the first ap- 
proximation to the complete servomechanism, This requires the 
determination of the amplitude and phase characteristics of 
KG (jw). 

(b) Plot this transfer function in the form ofa transfer locus. 
using the specific values determined from (a). 

(c) Decide on the degree of stability required in terms of the 
M ratio discussed in section 18 and determine the gain factor that 
will produce tangency between the transfer locus and the circle 
drawn for the maximum permissible value of M. The gain factor 
can then be used to determine actual sensitivities in the servo- 
system. Determine the frequency at which the maximum value 

(ite ge 
6, (Ge) 


(d) From a knowledge of the permissible sensitivity, the fre- 


of occurs. 


quency at which the function is maximum, and the zero- 


6 
= (joo) 
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frequency behavior of the transfer locus, answers can be obtained. 
to the following questions: 


1 Is the servomechanism of the type (zero-displacement-error 
servo, zero-velocity-error servo) suitable for the particular appli- 
cation? 

2 Can the gain factor be adjusted to secure adequate damp- 
ing? 

3 Is the sensitivity permitted by adequate damping suffi- 
ciently high to minimize the effect of nonlinear factors such as 
sticky valves, dry friction on the output member, etc., and linear 
factors such as velocity and acceleration error, etc.? 

4 Is the natural or resonant frequency sufficiently high to 
provide the speed of response required by the application? 

(e) Ifthe answer to any of the foregoing questions is negative 
remedial action must be taken. Readjustment of certain of the 
parameters or minor changes in design may be sufficient. Other= 
wise major design changes must be made or corrective devices. 
incorporated in the system. These corrective devices can be 
designed: (a) To improve the transient response; (b) increase the 
sensitivity permitted by adequate stability; or (c) change 
the basic type (zero-displacement error, zero-velocity error) of the 
servo. If the corrective element is introduced as an element. 
cascaded with the controller in such a way that no mutual reaction 
with other elements occurs, the new transfer function is the prod- 
uct of the old transfer function and the transfer function of the 
corrective element. The new transfer locus can be formed 
graphically by multiplying amplitudes and adding phases for a 
particular frequency. If the corrective element is inserted in 
the system in a different manner straightforward circuit-analysis 
techniques can be applied to the determination of the transfer 
function. 


20 SuMMARY 


Two approaches to the mathematical analysis of servomecha- 
nisms have been pointed out in this paper.. It has been demon- 
strated that, in general, a broad understanding of servomecha- 
nisms could be obtained by an understanding of both approaches, 
and in particular, that valuable performance and design data 
could be obtained. It has been shown that the transient approach 
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is particularly valuable when the exact response to known inputs 
is required, and in the analysis of simpler servo systems. It has 
been further shown that the frequency-response approach is in- 
dispensable when the analysis and synthesis of complex servo 
systems is required. 
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Discussion 


C. Concorpia.£ The writer is greatly interested in the steady- 
state method of analysis of control systems described in this paper 
and would like to comment on what he considers its scope in rela- 
tion to other aspects of the control problem. 

Tf one starts from scratch and constructs a control system for a 
particular job, one’s first task is to make sure that the system is 
stable. For this purpose it seems best to find regions of stable 
operation in terms of those parameters which are within our con- 
trol by the application of Routh’s stability criteria to the char- 
acteristic determinant of the system. Such a study gives in- 
formation over a great range of system parameters very quickly, 
without the necessity of studying any one system in detail. 

Following such a study, one becomes concerned with the re- 
sponse of the system. The most direct method might appear to 
be to compute directly the transient response to the various 
disturbances which are of interest. However, for the reasons 
discussed by the authors, this sort of calculation does not tell im- 
mediately what to do in order to improve performance. Thus 
it is convenient to devise on a semiempirical basis criteria of 
probable transient performance in terms of steady-state per- 
formance and to make steady-state studies of the system as they 
have described. 

However, even after this is done, one may still wish to make 
sure that performance will be satisfactory by a direct study of the 
transient performance. This is especially true in those cases 
where the system may be subjected to a variety of different kinds 
of disturbances. An example of this is an airplane-engine turbo- 
supercharger regulator, which may be subjected to disturbances 
of the pressure-boost setting, the engine-speed setting, or the 
throttle setting. It will be apparent to those familiar with con- 
trol-system performance that the optimum stabilizer design for 
one type of disturbance will not be the same as that for the others, 
so that the over-all optimum must be a matter of engineering 
judgment rather than of mathematical criteria. 

For the purpose of making such studies of transient perform- 
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ance we have found it convenient to use the differential analyzer. 
Of course, once a problem is set up on the differential analyzer it 
is a simple matter to change parameters and run off the resulting 
transient-response curve, and in fact in many cases this has been 
so attractive that we have shortcircuited completely the inter- 
mediate steady-state analysis method. 

A further reason for this is that in many cases, as the refine- 
ment of design proceeds, one becomes primarily interested in 
studying more and more the effects of those nonlinear elements 
such as friction, backlash, saturation, etc., that are left out of the 
linear analysis which has been described. A further related 
factor is that a linear analysis becomes more nearly valid as the 
control means become better. In many cases very limited con- 
trol means may be available, and these may be essentially off-on 
or some other kind of contact control. In these cases it is al- 
most necessary to determine the transient response directly if a 
good jdea of the quality of actual performance is to be had. 


L. A. MacCotu.”? It is shown in the paper that the function 
KG (iw) plays a dominant role in the theory of the particular 
servomechanism which is under consideration. Perhaps it will 
be well to point out explicitly that this function, suitably general- 
ized, is fundamental in the theory of any single-loop servo 
mechanism, and to indicate how the generalized function can be 
determined experimentally. é 

Let us consider a general single-loop servomechanism, in which 
we have a “forward circuit,” consisting of certain components 
Ci, C2, ..., C, connected in tandem, and a “feedback circuit,” 
consisting of certain components C,+,, Ci+2, ... , Crem con- 
nected in tandem. 

The typical component C, is characterized by a complex- 
valued function Y, (tw), having the following significance: In 
the steady state, in which all of the signals in the system are vary- 
ing sinusoidally with time with the radian frequency w, the abso- 
lute value of Y, (i) is the ratio of the amplitude of the signal at 
the output of C,, to the amplitude of the signa] at the input of C,, 
and the angle of Y,, (tw) is the phase difference between these two 
signals. 

Now it is easily shown, by reasoning like that employed in the 
paper, that the function 
Y(iw) = Yiliw)Vo(iw)...Vi(io) Yy + s(t) V1 + 2(tw).-. Yi + m(tw) 
plays the role in the theory of the present system that the func- 
tion KG@ (iw) plays in the theory of the system discussed in the 
paper. 

Let us consider the physical significance of Y (iw). Suppose 
that we open the feedback loop between any two consecutive 
components, say the components C,, and C, +1, adding the proper 
terminations, if necessary, so that the impedance relations within 
the system will not be disturbed. Then let us impose a known 
sinusoidal signa] at the input of C,,+1, and let us measure the 
amplitude and phase of the resulting signal at the output of C,,. 
It is readily seen that the ratio of the amplitude of the signal at 
the output of C,, to the amplitude of the signal at the input of 
C, +18 the absolute value of Y (iw), and that the phase difference 
of the two signals is the angle of Y (iw). On this account Y (iw) 
is commonly called the “loop transmission ratio of the servo- 
mechanism.” 

We note that where we open the feedback loop, whether be- 
tween C, and C2, or between C, and Cx, or elsewhere, is indiffer- 
ent in principle. However, as far as experimental technique is 
concerned, it may not be practically indifferent. In many cases 
the physical nature of the signals changes from point to point in a 
servomechanism. At one point the signal may be the angular 
position of a shaft, at another point it may be an electromotive 
force, and at a third point it may be the pressure of a fluid. In 
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such a case it may well be that we can perform the measure- 
ments just described more accurately and conveniently at one 
point in the loop than at another. We should, of course, select 
the point at which we open the loop, and perform the measure- 
ments accordingly. 

Referring to the significance and use of the Nyquist diagram: 
Suppose that we have a servomechanism with & Nyquist dia- 
gram which encloses the critical point (—1, 0), so that the system 
is unstable, or which, while it does not actually enclose the 
critical point, passes near to that point, so that the system is 
barely stable. In either case, we have to modify the system in 
some way, in order to make its performance satisfactory. 

One rather obvious thing we may do is simply to vary the 
value of some one constant parameter, seeking a particular value 
which gives a satisfactory performance. This procedure, which 
is discussed at length in the paper, may be entirely satisfactory in 
many cases. However, it is evident that this procedure is quite 
restricted, and it is to be expected that we can often achieve more 
satisfactory results in other ways. Here the Nyquist diagram 
performs a great service; for it reveals a great variety of means 
for obtaining a satisfactory system, many of which are not sug- 
gested at all by the older methods. 

In go far as satisfactory stability of a servomechanism is con- 
cerned, all that is necessary is that the curve of the Nyquist 
diagram shall neither enclose the critical point (—1, 0) nor pass 
too near to that point. In order ‘to achieve a curve which is 
satisfactory in this sense, we can confine ourselves to varying 
element values, if that is sufficient, or we can insert additional 
frequency-selective elements in the system, so as to alter the very 
form of the curve in a drastic manner. The possibilities of the 
latter sort are particularly valuable when we are dealing with 
complicated systems subject to stringent requirements. 


Ep 8. Smrrn.8 The authors deserve the thanks of mechanical 
engineers for the release of this material as soon as the wartime 
restrictions lifted. It is high time for this M.I.T. group of 
electrical engineers to claim due credit for its excellent work and 
real contributions to the war effort. The writer is glad to 
acknowledge here his professional and personal indebtedness to 
Bush, Hazen, Gardner, Draper, Brown, Harris, Hall, Campbell, 
Kochenberger, Taplin, Philbrick, and Ahrendt, to name a repre- 
sentative number of its more active contributors to the art. At 
the same time, it must be remembered that the pioneering in 
servomechanisms has been shared by another group of electrical 
engineers at the Bell Telephone Laboratories: Nyquist, Bode, 
Black, Ferrell, Dietzold, MacColl, and Barnes whose work with 
Gardner at M.I.T. is but one tie of many between these two 
groups. 

As a mechanical engineer, the writer’s primary interest is to see 
how these electrical-engineering techniques may be best made 
available to other engineers, for use in control generally. For 
this “transmission problem” it is good that such an experienced 
and co-operative teacher as Brown heads the A.LE.E. activity in 
this field. For the sake of continuity, it is hoped by the writer, as 
the current chairman of the A.S.M.E. Instruments and Regu- 
lators Division, that such activity will be most intimately tied in 
with the work of this division which sponsored this paper. This 
division in the past has followed control theory as exemplified by 
papers by Ivanoff, Minorsky, and division members including 
Fairchild, Grebe, Mason, Sperry, and the present writer to men- 
tion a tokenfew. The following comments are purely individual: 

It might offhand seem that servomechanisms should form ideal 
examples of control for mechanical engineers since the familiar 
elements are the inertia of a mass, the damping of a dashpot, and 
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the proportional effect of a spring. However, from the stand- 
point of the process-control engineer, these happen to overstress 
inertial and oscillatory effects. Also mechanical analogs are a 
bit more farfetched than the hydraulic which has the advantage 
of more closely corresponding with the electrical systems in which 
these electrical engineers really think. 

Ideally, each actual system should be directly followed in 
setting up the mathematical formulation which would then be 
used in a pure form in obtaining results. But this procedure 
would deprive the creative engineer of the stimulus derived from 
working in the medium of his experience. Since so much of the 
literature will be on electrical-engineering techniques, it appears 
that each active control engineer should become adept in their 
use. ) 

The experts in the servomechanism and control fields are un- 
fortunately not exceptions to the rule that the experts in an art 
always ball up the terminology and notation until they can be 
followed only by a like expert. Toa control engineer, if a regu- 
lated temperature is too high, the error would be positive and 
taken as (actual — T'set). To a ‘“‘servomechanist,” it would 
seem that the temperature setting 7’; was not being followed by 
the actual temperature 7’, and that the error would be (7; — 7). 
For another example; probably the most important factor in 
control is the variable “load” which often affects a most in- 
convenient part of the plant with effects echoing around and 
around the system, whereas too often the servomechanist either 
entirely neglects the load change or shrugs it off as mere “hash” 
or “noise,” a mere random impulse without the dignity of 
identity. 

Again, the “‘controlleer” is charged with habitually over-simpli- 
fying analyses, using an occasional integral or appropriate de- 
rivative in visualizing the ills and cures of regulated systems refer- 
ence (16), whereas the servomechanist seems to tend to stick to the 
more readily available means for obtaining a typical (1 + T’p) 
term without, in so far as the present writer can see now that the 
veil of wartime secrecy has been pierced, creating any essentially 
new form of regulator. At least the controlleer can directly ex- 
press a ratio of effect to its cause and the lag without becoming in- 
volved in the width of a hypothetical frequency-transmission 
band and in such an acoustical abstraction as “decibels per 
octave.”? The point appears to be that the tools of the different 
arts have different advantages to those who are familiar with 
their use. 

Finally, on this point, the controlleer’s need is for an approach 
which will enable him most flexibly to solve a wide variety of con- 
trol problems, whereas to the servomechanist, the temptation 
appears to be irresistibly strong to go overboardon overspecialized 
treatments, e.g., the nondimensional approach, for the sake of 
greater efficiency in his special field at the expense of widest 
utility, with the result that anyone not working steadily in that 
field will usually save considerable time and be more certain of 
the correctness of his results if he starts from scratch and sticks 
to the closest relation between the physical phenomena and the 
mathematics. 

A noteworthy exception to this is that grand tool, the Nyquist 
method of testing stability. This is essentially so simple that it 
is difficult for even experts to confuse although they bring in the 
“conjugate complex,” and the idea of “negative frequencies.” 
It may be well here to restate the Nyquist criterion following 
Harris’ rule: A regulated system is unstable only if, 1 the 
sensitivity (effect/cause) exceeds unity at a lag of 180 deg, and 
2, the lag there increases with increasing frequency at the least 
value of sensitivity which is greater than unity. Of course in 
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any actual system the sensitivity finally must decrease to zero 
with increasing frequency. 

It may lend confidence in this method to note that this was in- 
dependently approached from purely practical considerations. 
The writer in 1936 remarked” that the time lags in a regulated 
system were best observed by taking effects in the same direction 
as their causes, which amounts to dropping the 180 deg for the 
control relation, as is now conventional. Ivanoff in 1938 (U. S. 
patent 2,268,285) showed familiarity with the requirement that 
the lag be 180 deg for steady hunting. And Fairchild in 1940 
(Temperature Symposium) noted that the further requirement for 
steady hunting was that the over-all sensitivity be unity. (In- 
cidentally, as Le Corbeiller noted, to tend to sustain oscillations 
reliably at substantially a definite amplitude, there must be such 
a nonlinearity that, upon a decrease of amplitude, the over-all 
sensitivity or “gain” increases. All other material in this dis- 
cussion is limited to linear systems.) 

In evaluating the advances claimed in the paper: Apparently 
Harris (21) advanced the Nyquist technique mainly by using the 
grids of the paper’s Fig. 20 to show the sensitivity, with maxi- 
mum and minimum values of (00/0;) where the circles are tangent 
to the Nyquist loci of the vectors. The advance of Hall (138) 
is mainly in the systematic correlation of the circuits and net- 
works with their control relationships; and Taplin’s pioneering 
use of (1 + gh) in the denominator, while limited to very simple 
systems such as elementary servomechanisms without multiple 
feedback loops, still had wide implications and represents a logi- 
cal operational advance. The foregoing is an offhand effort to 
bring the work of these contemporaries into better focus. 

It is unquestionably valuable to “block up” a system for the 
purpose of setting up the equations as a standard procedure, and 
to use a-c network techniques in obtaining the over-all sensitivity, 
gain, or transfer ratio, expressed by the appropriate gh. .. rela- 
tions. This is useful both as a test for stability and as an in- 
dication of the transient performance of the system under such 
standard forcing functions as the impulse, step, ramp, etc., by 
the use of the frequency-analysis techniques, notably the Fourier, 
as recently advocated by Harris. In other words, the formal 
transient analysis may be entirely replaced by the frequency 
approach, 

Since the paper refers to several publications of the authors’ 
group, it may be a service to engineers attempting to use such 
publications to note the following: In reference (1), Draper and 
Bentley, in Figs. 3 and 6, 1.58 should be 1.74. In reference (10), 
Weiss, the cubic chart IIIa is incorrect in part, a correction hav- 
ing appeared only in a classified paper by one of the authors; and 
in reference (11), Liu, an approximation-producing assumption 
appears to be unstated therein which affects the accuracy of this 
approach in certain ranges which are still useful in control. It is 
hoped that any like points which later turn up in present and 
future papers in this field will be scrupulously cleared by publica- 
tion. | 

Nothing of the foregoing discussion is to be construed as 
minimizing the value of the papers by this group. Instead, the 
writer has noted that the ‘“‘servomechanism approach”’ is also of 
value! in control generally, paradoxically including self-operating 
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regulators. The writer is happy to express his indebtedness to 
members of this group and their works. 

It is the main purpose of the writer, as an occasional worker on 
control, objectively to direct the attention of other mechanical 


engineers to useful control tools wherever found. 


AurHors’ CLOSURE 


The authors appreciate the comments made by Messrs. Con- 
cordia, MacColl, and Smith, particularly for their efforts to sup- 
plement the work given in the paper. 

Mr. Concordia’s comments on the usefulness of a Differential 
Analyzer to aid in the design are very pertinent though such de- 
vices are not widely available. However, as the work on simila- 
tors or transient analyzers!? for dynamical systems progresses 
and more of them become available their use may get widespread 
adoption. The one difficulty still remaining will be that of de- 
termining the parameters of the elements of the system or the 
various functional relationships that define the system elements. 
Then, of course, when these data are known a great deal can be 
done by steady-state sinusoidal analyses by persons not having 
the use of a Differential Analyzer. By skillful direction of ex- 
perimental techniques during the determination of much of the 
basic data on the components, the work of applying the steady- 
state methods of analysis is considerably reduced. 

Dr. MacColl’s comments are very pertinent, particularly when 
one realizes the wide range of physical quantities encountered in 
any single control system and the relative ease with which cer- 
tain quantities can be measured in practice and the relative status 
of the art of measurement of other quantities. For example, at 
one end of the scale one observes the simplicity and accuracy 
with which time-varying electrical quantities can be measured 
compared with the difficulties at the other end of the scale in- 
volved in measuring time-varying quantities such as acceleration, 
pressure, strain, fluid flow and the like. 

Dr. MacColl’s comments on the need to change the shape of 
the locus on the Nyquist diagram are appreciated for they give 
added emphasis to the point which, while included in the treat- 
ment under section 19 of the paper, was probably not stressed 
as much as it might have been. 

Mr. Ed Smith’s summary of the control analysis and synthesis 
picture as it exists today is a very timely one. Wartime empha- 
sis on extending analytical techniques in this field were very 
intense. The old oft-stated gap that used to exist between 
the various engineering professions is rapidly narrowing as the 
analytical techniques of the communications engineer are ex- 
plained to the mechanical engineer, and the “systems” concept is 
applied more and more vigorously to control problems. The in- 
tegration within the professions is being stimulated by discussions 
between professional groups who, until a few years ago, had few 
common problems. Nowadays one finds a great deal of mathe- 
maties, electronics, circuit theory, electrical machinery theory, 
hydraulic machinery theory being interwoven into a co-ordinated 
systems design with corresponding benefit to that branch of the 
art being developed by each group. But this interweaving or 
integrating is occurring with harmony and a degree of co-opera- 
tion between engineers of widely different background, in a very 
interesting way. 
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Conversion of Measurements of Power Out- 


put of Diesel Engines to Standard 


Atmospheric Conditions 


By MARTIN A. ELLIOTT,? BRUCETON, PA. 


This report presents and analyzes data obtained on the 
effect of ambient or atmospheric conditions on the power 
output of three normally aspirated commercial four- 
stroke-cycle Diesel engines. Different ambient conditions 
were simulated by maintaining the desired pressure in 
each of two surge tanks, one connected to the intake and 
one connected to the exhaust of the engine. The simu- 
lated absolute pressures ranged from 20 to 30 in. of mer- 
cury. Most of the tests were made at the prevailing 
atmospheric temperature but a series of tests with one 
engine was made at an intake temperature of approxi- 
mately 230 F. Analysis of the results showed that an 
algebraic relation could be obtained between so-called 
“derived indicated efficiency”? and fuel:air ratio. This 
relation is independent of ambient conditions and is used 
in the development of rational procedures for correcting 
measurements of power output made at existing test 
atmospheric conditions to any arbitrarily selected stand- 
ard ambient condition. Using certain of the basic rela- 
tions developed, an expression was derived for computing 
the brake horsepower of an engine at any ambient density 
and rate of fuel consumption. Computed values were 
within 0.7 hp of values determined experimentally. The 
report also reviews previous work in the field and indicates 
the need for further work to obtain the complete solution 
of the problem desired by the A.S.M.E. Special Research 


Committee on Internal-Combustion Engines. 


INTRODUCTION 


N making performance tests of Diesel engines, differences in 
the density and moisture content of the ambient atmosphere 
are inevitable at different test locations and at different times 
in the same location. Since the power output of a Diesel engine 
operated at a given speed and throttle setting is affected by 
changes in the density of the intake air, it is desirable to develop 
methods for correcting the power output of an engine determined 
at existing ambient conditions to power output at some arbi- 
trarily chosen standard ambient condition. 
Members of this Society, who were instrumental in organizing 
the Special Research Committee on Internal-Combustion 
Engines, recognized the need for fundamental information on 
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methods for expressing the power output of Diesel engines at 
standard ambient conditions, and a program of research (4)3 was 
prepared outlining the work required to develop the necessary 
information. In formulating this program an analysis was 
made of performance data on Diesel engines obtained incidentally 
by the Bureau of Mines in studies of the effect of barometric 
pressure on the composition of the exhaust gases produced by 
Diesel engines. The tests were limited in scope in so far as engine 
performance is concerned since the main objective of the Bureau 
of Mines investigation was to determine the hazards of operating 
Diesel engines underground in places where the barometric pres- 
sure might be low. In spite of this, analysis of the data furnished 
considerable information on possible methods for correcting the 
power output of Diesel engines to standard ambient conditions 
and on the probable magnitude of the correction factors. The 
committee thought that it might be desirable to publish this in- 
formation in a progress report discussing the general problem, 
analyzing the data available, and indicating the additional in- 
formation required to obtain a complete solution. Accordingly 
the following report has been prepared: 

The paper presents methods for converting measurements of 
power output determined at existing ambient conditions to power 
output af some arbitrarily selected standard ambient condition. 
This general procedure is commonly referred to in technical 
literature as correcting power output to standard ambient condi- 
tions and the multiplying factors for doing this are referred to as 
correction factors. This terminology is used in this paper but it 
is pointed out that the tests reported here were not broad enough in 
scope to permit the development of correction factors applicable 
to all engines. Because of this the somewhat more general term 
conversion has been used in the title to describe basic procedures 
developed. 


Review or Previous Work 


Tests on the effect of atmospheric conditions on the power out- 
put of Diesel engines are reported in the literature, but none of 
the previous investigations has provided a generally applicable 
method for correcting measurements of the power output of 
Diesel engines to standard ambient conditions. 

The results of tests to determine the effect of humidity, tem- 
perature, and pressure on the power output of a four-cylinder, 
four-stroke-cycle Diesel engine were reported by Everett (5). 
From these tests it was concluded that, at a given speed and 
throttle setting, humidity did not affect power output signifi- 
cantly, and that both temperature and pressure affected power 
output but the fundamental variable was density. 

Everett’s work (5) and later work of Doolittle (2) furnish ex- 
perimental evidence on the very minor effect of humidity when 
excess air is present. 

The results obtained by Everett (5) on the effect of pressure on 
power output may not represent the effect under normal operating 
conditions because in his tests the pressures at the intake and 

3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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TABLE 1 DESCRIPTION OF ENGINES TESTED 
Engine Four-stroke-cycle, Four-stroke-cycle, Four-stroke-cycle, 
Type normally aspirated normally aspirated normally aspirated 
Number of cylinders............ 4 4 6 
@ylindeér bore, inves 2. teu. <n. a. Al/, 4 41/3 
Piston stroke; insee seen alee ae 51/2 41/2 6 
Piston displacement, cuin........ 312.1 226.2 672 
Maximum rated speed, rpm....... 1400 2600 1800 
Maximum rated bhp with all ac- 
cessories except fan........... 44 70 150 


Individual pump for 


Individual pump for Single-plunger, low- 


each cylinder; fuel each cylinder; fuel pressure metering and 
Fuel pump iiescn) = sips ae kh eee delivery controlled delivery controlled distributing type 

by pump-plunger by- by pump-plunger by- 

pass pass ; 

Single hole orifice, Circumferential ori- Cam-actuated plunger- 
sy peor injec tional tee sere flat-faced valve seat fice (pintle nozzle); type injector for each 

conical yalve seat cylinder. Six spray 
holes in each injector 


Operating pressure of injection 
valve discharging into air at 


atmospheric pressure, psi...... 1500 1650 
penncerenl reogs Spherical po balencs Directed spray; small 
= re ustion chamber or air-swirl chamber  air-cell in piston head 

Combustion system............. Saas cone-shaped P 

ends f 
; Positive circulation, Positive circulation, Positive «circulation, 

Cooling: systemin- co o-imsc renin ies thermostatically con- thermostatically con- thermostatically con- 

trolled trolled trolled 


final exhaust were not equal. For example, the pressure at the 
intake ranged from 10 to 16 psia, but the pressure at the final ex- 
haust was always atmospheric (28.79-29.15 in. of mercury). 
Differences between the pressure at the intake and final exhaust 
may cause flow into or out of the cylinder during the period of 
valve overlap, depending upon the relation between the two 
pressures. This condition is abnormal, and it is desirable there- 
fore to maintain equal pressures at the intake and final exhaust 
in studies of the effect of ambient conditions on the power output 
of Diesel engines. 

Results reported by Taylor (11) and some of the results re- 
ported by Doolittle (2) also were obtained by operating engines 
at reduced intake pressures and atmospheric exhaust pressure 
and therefore may not represent normal operation at reduced 
ambient pressures. Data given by Taylor (11) and*Doolittle (2) 
on the effect of temperature apply only to the engine tested and 
no attempt was made to generalize the results quantitatively 
although qualitative generalizations were made by Taylor (11). 

Dennison (1) proposed a method for comparing the perform- 
ance of different Diesel engines, but this method was intended to 
facilitate comparison of competitive designs and is not adaptable 
to the development of correction factors for power output. 

Moore and Collins (8) have published the results of extensive 
tests on the effect of atmospheric conditions on the performance 
of a single-cylinder Diesel engine. These tests included deter- 
mination of the effect of temperature at constant pressure; the 
effect of pressure at constant temperature; and the effect of 
changing both temperature and pressure simultaneously. All 
of these tests were made with the pressure at the intake equal to 
the pressure at the final exhaust. In addition, tests were made 
with intake pressure greater than and less than the pressure at the 
final exhaust. Moore and Collins contributed considerable in- 
formation but many of their tests were made at fuel : air ratios 
far on the rich side, a condition of little practical interest. Fur- 
thermore, their analysis of the results was not carried sufficiently 
far to develop the fundamental theory on the effect of atmos- 
pheric conditions on power output of Diesel engines. 

In preparation for an investigation by the Bureau of Mines on 
the effect of atmospheric conditions on the exhaust gases produced 
by Diesel engines, a study was made of the published results men- 
tioned. This study disclosed that correlation of indicated ther- 
ma ‘efficiency with fuel: air ratio had not been examined in 
analyzing the results of performance tests made at different 
ambient conditions. Such a correlation is of interest because 


thermodynamic considerations show that these factors are re- 
lated in the theoretical fuel : air cycle (6, 10). Furthermore, it 
might be expected that this fundamental relationship would be 
unaffected by changes in ambient conditions at least over a 
relatively wide range of conditions. That this was true was 
indicated by an analysis (3) of the data of Moore and Collins (8). 
Once this had been established it was possible to suggest a rational 
basis (3) for developing methods of correcting the power output 
of a Diesel engine to standard ambient conditions. 


Score or PRESENT REPORT 


This report includes a discussion of the results of performance 
tests made at different simulated ambient conditions on three 
different commercial, four-stroke-cycle, normally aspirated Diesel 
engines. Methods for analyzing the data are presented and 
methods for correcting power output to standard ambient condi- 
tions are developed and applied to the results of actual tests. 
These methods are modifications or extensions of the fundamental 
theory presented in a previous paper (3) by the author. 


APPARATUS AND PROCEDURE 


Engines Tested. The principal features of the three engines 
tested are summarized in Table 1. Engines B and -C were 
directly coupled to the dynamometer. Engine A was coupled to 
the dynamometer through a clutch. An auxiliary cooling system 
was used and all engines were tested without radiator or fan. 
The cooling-water circulating pump was driven by the engine in 
all tests. 

Fuel. The chemical and physical properties of the fuels used 
are given in Table 2. Fuel F was used in tests of engine A at 600, 


TABLE 2 CHEMICAL AND PHYSICAL PROPERTIES OF FUELS 


Designation of fuel F 
Flash point (P.M.C.C.), F. 157 150 


Water and sediment Trace Trace 
Viscosity, S.U. at 100 F, sec. 4 33 
centipoises at 100 F. 1.93 1.74 

Carbon residue on 10% bottoms, per 

cent by weight 0.010 0.016 
Specific gravity 60/60 F. 0.8295 0.8314 
Pour point (upper), F. —2 —20 
Cetane number Not less than 50 Not less than 50 
Sulphur, per cent by weight 0.1 0.2 
Hydrogen, per cent by weight 13.4 13.4 
Carbon, per cent by weight 86.1 86.2 
Oxygen, per cent by weight 0.4 0.3 
Nitrogen, per cent by weight 0.0 0.0 

19590 19560 


Heating value, (upper), Btu per Ib 
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1000, and 1400 rpm; fuel G in tests of engine B; and fuel F in 
tests of engine C. 

Dynamometers. Tests of engines A and C were made using a 
water-cooled induction-type dynamometer rated at 200 hp from 
1200 to 4000 rpm. A direct-current dynamometer rated at 45 hp 
from 1200 to 2500 rpm was used in tests of engine B. This latter 
dynamometer was used in determining friction horsepower in 
motoring tests of all three engines. 


EQUIPMENT FOR SIMULATING OPERATION AT DIFFERENT AMBIENT 
CoNnDITIONS 


Operation at different ambient conditions was simulated by 
maintaining the desired pressure in each of two surge tanks. One 
of these tanks was connected to the intake of the engine and one 
to the exhaust (see Fig. 1). The intake surge tank was 17.5 in. 
diam and 84 in. in length. The exhaust surge tank was 22 
in. diam and 60 in. in length. s 


Final exhaust ~, 
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Pressure gage 


Valve controlling pressure 
in intake surge tank 
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surge tank 
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Fig.l DiacraMMATic SxetTcu or ARRANGEMENTS FOR Tests aT (A) 

Ampinnt Pressures Less THaN PreyAILING BAROMETRIC PRES- 

sure [anp (B) AmBrent PressuRES GREATER Tuan PREVAILING 
BaROMETRIC PRESSURE 


In tests at low ambient pressures (20 and 25 in. of mercury abs), 
the desired pressure in the intake tank was obtained by throttling 
a valve on the upstream side of the tank. The pressure in the 
exhaust surge tank was maintained the same as that in the intake 
surge tank by a Roots-Connersville exhauster driven in some 
tests by a gasoline engine and in others by an electric motor (see 
Fig. 1A). 

In tests at a simulated ambient pressure of 30 in. of mercury 
abs, which was greater than the prevailing barometric pressure, 
the Roots-Connersville exhauster was used to compress air to the 
intake surge tank. The pressure in the exhaust surge tank was 
maintained at 30 in. of mercury abs by throttling a valve on the 
downstream side of the tank (see Fig. 12). 

In some tests arrangements were made for heating the intake 
air by manually controlled strip heaters installed in an insulated 
pipe 6 in. diam just upstream from the intake manifold (see Fig. 


1). 
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Trst PRocEDURE 


The desired pressures in the intake and exhaust surge tank 
were obtained as just outlined when the engine was operating at 
the speed and load selected. Final adjustments were then made 
in speed, load, and pressure in intake and exhaust surge tanks. 
The engine was then operated until equilibrium was attained and 
the test data recorded. 

Fuel consumption was determined by an automatic fuel-weigh- 
ing device which operated an electric clock and revolution coun- 
ter. 

Air was measured by noting the differential pressure across a 
thin-plate orifice upstream from the intake surge tank. The 
orifice and connections were installed in accordance with the 
published recommendations of the A.S.M.E. Special Research 
Committee on Fluid Meters. 

In most tests with each engine the composition of the exhaust 
gases was determined by analysis in a Haldane apparatus. 
From this analysis and from the analysis of the fuel it was 
possible to compute the fuel:air ratio, The values obtained 
agreed very closely (generally within +2 or 3 per cent) with 
values computed from direct measurements of fuel and air con- 
sumption. | 

It was not possible to motor engines connected to the induc- 
tion-type dynamometer. Therefore friction-horsepower deter- 
minations were made with the engines motored by the direct- 
current dynamometer. In these tests the engine was warmed up 


TABLE 3 RESULTS OF TESTS OF ENGINE B AT 1000 RPM 


NORMAL TEMPERATURES AND DIFFERENT SIMULATED 
AMBIENT PRESSURES 


Fuel: Volu- Density 
Cor- Fuel air metric Tempera- at 
rected consump- ratio, effi- ture at intake, 
Test Brake? brake tion, lb per ciency, intake, lb per 
no. hp. hp? Ib per hr? lb percent cu ft 
Nominal absolute pressure at intake and exhaust, 30 in. of mercury* 
47 0.3 0.3 2.05 0.0079 90 78 0.0728 
51 0.9 0.9 2.28 0.0094 87 92 0.0708 
48 2.5 2.5 2.58 0.0103 88 80 0.0725 
56 2.6 2.6 2.74 0.0108 87 76 0.0738 
49 5.0 5.1 3.30 0.0133 88 81 0.0721 
57 5.1 De 3.42 0.0135 88 80 0.0735 
52 7.5 7.6 4.13 0.0168 87 85 0.0718 
58 10.0 10.1 4.92 0.0197 87 82 0.0733 
53 12.5 12.7 Saou 0.0232 87 86 0.0715 
50 12.5 12.8 5.66 0.0237 84 83 0.0720 
59 15.0 15.3 6.50 0.0261 87 83 0.0730 
60 17.5 LTT 7.34 0.0294 87 84 0.0733 
54 20.0 20.4 8.27 0.0343 86 89 0.0711 
61 22.5 22.9 9.22 0.0378 86 86 0.0726 
62 25.0 25.7 10.41 0.0429 85 88 0.0725 
55 27.5 28.6 11.68 0.0498 84 91 0.0709 
63 27.5 28.1 11.50 0.0480 84 90 0.0722 
Nominal absolute pressure at intake and exhaust, 25 in. of mercury® 
97 0.2 0.3 1.98 0.0096 90 100 0.0588 
75 0.3 0.4 2.03 0.0100 88 102 0.0587 
76 5.1 5.4 3.38 0.0167 88 102 0.0587 
77 10.1 10.7 5.00 0.0248 87 102 0.0589 
78 15.0 16.1 6.76 0.0341 86 103 0.0587 
111 15.2 16.1 6.67 0.0319 87 80 0.0612 
112 17.6 18.8 on! 0.0371 86 82 0.0611 
79 20.1 22.0 8.80 0.0456 84 102 0.0587 
113 22.6 24.7 10.14 0.0496 85 84 0.0610 
114 23.8 26.4 11.18 0.0559 84 84 0.0608 
80 25.2 29.3 12.43 0.0656 82 103 0.0586 
Nominal absolute pressure at intake and exhaust, 20 in. of mercury* 
87 0.4 0.6 2.06 0.0118 84 100 0.0469 
100 0.4 0.6 2.10 0.0131 87 100 0.0469 
104 0.3 0.5 2.13 0.0133 88 100 0.0466 
83 5.0 5.4 3.30 0.0151 86 101 0.0471 
89 10.2 11.5 5.11 0.0328 84 101 0.0470 
101 12.6 14.4 6.12 0.0396 83 100 0.0475 
90 15.1 AW hArE 7.19 0.0467 83 101 0.0472 
115 15.2 17.5 7.18 0.0434 86 73 0.0491 
116 17.3 20.6 8.44 0.0520 84 81 0.0484 
117 18.3 22.1 9.03 0.0570 83 82 0.0484 
119 18.8 23.4 9,88 0.0625 83 86 0.0480 
118 19.2 25.0 11.06 0.0706 83 82 0.0484 
91 19.6 27.7 12.45 0.0840 80 100 0.0471 


\At test intake conditions. 
2 Corrected to nominal speed of 1000 rpm. 
3 Corrected to intake conditions of 29.92 in. of mercury absolute pressure, 
temperature 60 F, density of 0.0765 lb percuft. Equation [23] used. 
4 Actual range of pressure 29.5—30.1 in. of mercury. 
6 Actual range of pressure 24.9—25.1 in. of mercury. 
6 Actual range of pressure 19.9—20.3 in. of mercury. 
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until the equilibrium lubricating-oil temperature was attained 
and motoring friction determined at this condition. 


Test RESULTS 


The results of a typical series of tests on one of the engines are 
given in Table 3. To eliminate minor effects of deviations of 
actual speed from the nominal speed, the data on speed, fuel con- 
sumption, and horsepower are corrected to the nominal speed by 
assuming horsepower and fuel consumption to be directly pro- 
portional to speed. The correction is minor as the average speed 
was generally within +5 rpm of the nominal speed and never 
exceeded +15 rpm. 


DISCUSSION OF RESULTS 


Basis for Comparing Results. The effect of ambient conditions 
on the power output of a Diesel engine can be determined by 
maintaining constant all engine operating conditions and all 
ambient conditions except the one whose effect is being studied. 
This means that, comparisons of the results of tests in which a 
particular ambient condition is varied must be made at the same 
speed and throttle setting. In the Diesel engine the position of 
the throttle or throttle setting fixes the quantity of fuel injected 
at a given engine speed. If both speed and throttle setting are 
maintained constant, it is obvious that the quantity of fuel sup- 
plied, or in other words the fuel consumption, will be constant 
and will not be affected by ambient conditions. Therefore com- 
parison of power outputs obtained at different ambient conditions 
must be made at the same rate of fuel consumption. This com- 
parison can be made most conveniently by plotting brake horse- 
power against fuel consumption for each ambient condition 
studied. 


Errect oF AMBIENT CONDITIONS ON BRAKE HoRSEPOWER 


The effect, of ambient pressure on the brake horsepower of 
engines A, B, and C is shown in Figs. 2, 3, 4, and 5. The effect 
of ambient temperature (at ambient pressures of 30 and 20 in. of 
mercury abs) on the brake horsepower of engine B is shown in 
Fig. 6. 

These results are presented to give a general idea of the magni- 
tude of the effect of ambient conditions on brake horsepower and 
to show how the effect varies throughout the operating range of 
the engine tested. The following generalization may be made: 

Reductions in ambient pressure or increases in ambient tem- 
perature cause significant reductions in brake horsepower at high 
rates of fuel consumption (higher loads). Ambient pressure or 
temperature does not affect brake horsepower significantly at low 
rates of fuel consumption (light loads). 

The foregoing discussion is on the basis of the effect of the inde- 
pendent variables, pressure and temperature. It will be shown 
subsequently that density is the fundamental variable, and from 
the foregoing it is evident that reductions in ambient density 
cause reductions in brake horsepower at the higher loads but that 
ambient density does not affect brake horsepower significantly at 
light loads. 

If data similar to those presented in Figs. 2 to 6, inclusive, were 
available for an engine it would be possible to determine correc- 
tion factors graphically. However, it is desirable to develop 
other methods that might be more convenient and more generally 
applicable. In the succeeding sections the data are analyzed 
further to develop more rational procedures for determining 
correction factors for power output. 


Reuation Between InpicaTEp Erricrency AND Fur : AIR 
Ratio 

The theoretical or maximum possible thermal efficiency of a 

given internal-combustion engine can be computed from the 
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thermodynamic properties of the working fluid. Since these 
properties are related to fuel ; air ratio it is evident that thermal 
efficiency must also be related to fuel : air ratio. 

The relation between computed maximum thermal efficiency 
and fuel: air ratio for a limited-pressure fuel:air cycle and for an 
assumed compression ratio of 13.9 to 1 is shown in Fig. 7. The 
details of this computation have been reported previously (3) but 
it should be mentioned here that the limited-pressure cycle was . 
chosen because it represents a rational criterion for comparing — 
actual cycles of high-speed Diesel engines. The limited pressure 
at a given fuel: air ratio was obtained from data published by 
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Rothrock and Waldron (9) who made tests on an engine having a 
compression ratio of 13.9: 1. , 

Fig.7 shows that at fuel : air ratios, within the normal operating 
range of a Diesel engine, the relation between computed thermal 
efficiency and fuel:air ratio is linear. Since this relation is funda- 
mental it might be expected that it would be independent of am- 
pbient conditions. It is of interest therefore to examine the rela- 
tion between indicated efficiency and fuel : air ratio for the actual 
test results obtained at different ambient conditions. 
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Erriciency DerrerMIneD From Brake HorsePOWER AND 
Mororin@ FRICTION 


Facilities for determining. indicated horsepower directly were 
not available in the Bureau of Mines tests. Accordingly, as an 
approximation, indicated horsepower was assumed to be equal to 
brake horsepower plus friction horsepower determined in motor- 
ing tests. It is recognized that indicated horsepower determined 
in this manner may be in error because of the well-known limita- 
tions (10) in determining friction horsepower in motoring tests. 
It should be mentioned, however, that errors in determining fric- 
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tion horsepower become less significant at the higher power out- 
puts because if these errors are not too great they represent only a 
relatively small fraction of the indicated horsepower. For this 
reason trends at higher power outputs (higher fuel : air ratios) can 
be considered as being relatively unaffected by errors in deter- 
mining friction horsepower. 

For convenience, indicated efficiency will be expressed as indi- 
cated horsepower-hours per pound of fuel (ihp + lb of fuel per 
hr), This factor does not have the same numerical value as 
indicated efficiency, but it is directly proportional to indicated 
efficiency when the heating value of the fuel is substantially con- 
stant as it was in the tests reported herein. For brevity, this 
factor will be referred to as ‘indicated efficiency” in this report. 
Obviously, indicated horsepower-hours per pound of fuel can be 
converted to indicated thermal-efficiency ratio by multiplying by 
the factor 2545 + (heating value of fuel, Btu per lb). This con- 
version would of course be essential in analyzing results obtained 
with fuels having widely different heating values. 

The relation between indicated efficiency determined as out- 
lined and fuel : air ratio is shown in Figs. 8, 9, 10, 11, and 12. 
Figs. 11 and 12 which represent, respectively, results of test of 
engine B at 1000 rpm and engine C at 600 rpm, show that the 
relation is linear and independent of ambient conditions at 
fuel : air ratios greater than approximately 0.02 lb per lb. Figs. 
8, 9, and 10 which represent, respectively, the results of tests of 
engine A at 600, 1000, and 1400 rpm, show that for all practical 
purposes the relation is independent of ambient conditions and 
could be approximated by a linear function at fuel: air ratios 
greater than approximately 0.025 lb perlb. However, at fuel : air 
ratios less than this the results of tests of engine A indicate that 
the relation is not independent of ambient conditions and is not 
linear. 

Since theoretical considerations strongly suggest that the rela- 
tion between indicated efficiency and fuel : air ratio should be unaf- 
fected by changes in ambient conditions, it is necessary to seek an 
explanation for deviations of test results from this presumption. 

If combustion efficiency is affected by ambient conditions, it is 
obvious that indicated efficiency will not be independent of 
ambient conditions as predicted by thermodynamic considera- 
tions which assume complete combustion. In the tests reported 
here precise gas-analysis methods were used and carbon mon- 
oxide and aldehydes, which are products of incomplete combus- 
tion, were determined with considerable precision. The method 
used for carbon monoxide is sensitive to 0.01 per cent carbon 
monoxide and the method for aldehydes is sensitive to 5 ppm. 
The results of such gas analyses showed that the concentration 
of these products of incomplete combustion at a given fuel : air 
ratio were not affected significantly by changes in ambient pres- 
sure. Since there was no detectable increase in smoke produc- 
tion, it would seem that the apparent reductions in indicated 
efficiency at the low ambient pressures and low fuel : air ratios 
could not be accounted for on the basis of reductions in combus- 
tion efficiency. 

Combustion knock was observed at the lower ambient pres- 
sures. Ignition delay probably is greater under such conditions 
because of the lower partial pressure of oxygen. The apparent 
effect of ambient conditions on indicated efficiency might have 
been due to the increased tendency to knock. However, if this 
were the case it would seem that a significant effect would have 
been observed at the higher fuel:air ratios where combustion 
knock was most severe. Since the indicated efficiency was 
apparently affected significantly by ambient pressure only at the 
lower fuel:air ratios, it is possible that combustion knock may 
not have been a factor. This cannot be stated definitely without 
further refinements in testing methods. 

Indicated horsepower is only approximated when it is deter- 
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mined from measurements of brake horsepower and friction 
horsepower in motoring tests. As mentioned previously any 
inaccuracy in determining friction horsepower will be a larger 
proportion of the indicated horsepower at light loads (low fuel : air 
ratios) than at higher loads. It is possible therefore that the ap- 
parent effect of ambient pressure on indicated efficiency at the 
lower fuel:air ratios may have been only the result of unavoidable 
inaccuracies in determining friction horsepower. 

It seems desirable therefore to seek a method for approximat- 
ing indicated horsepower and ultimately indicated efficiency that 
does not involve determination of friction horsepower in a motor- 
ing test. Such a method is described in the following section. 


DERIVED INDICATED EFFICIENCY 


As mentioned previously, theoretical considerations point to a 
relation between indicated efficiency and fuel: air ratio that is 
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independent of ambient conditions. The test results analyzed, 
as outlined, show that for all practical purposes this is true at the 
higher fuel : air ratios and that the relation is linear under these 
conditions. Let us assume therefore that linear relation exists 
in the actual engine and let the indicated efficiency determined 
from this relation be designated as ‘derived indicated efficiency.” 
The assumed linear relation can be expressed by the following 
equation 


in which 


e = derived indicated efficiency, expressed as ihp-hr per Ib of 
fuel 


f = fuel: air ratio, lb per Ib 

é) = intercept on y-axis (constant for a given engine and given 
engine speed) 

a = slope (constant for a given engine and given engine speed) 


Using the following nomenclature: 


b= 
c= 


brake horsepower 

derived friction horsepower (assumed constant for a given 
engine and given engine speed) 

i = derived indicated horsepower 

F = fuel consumption, lb per hr 

v = volumetric efficiency (expressed as a ratio) 

p = density of ambient atmosphere, lb per cu ft 

volume displaced by pistons on intake stroke, cu ft per hr 


Q 
Then i= 


Il 


Substituting in Equation [2] the value of e from Equation [1], we 
obtain 


Game (Cg — Gf) Pasir soeerrsiriereiple > «is <> [3] 

Since Ren Oat e Oo ce etoisis ciciegMois: on erie ae {4] 
then from Equations [3] and [4] 

fine! cae (7 Wen Ooo daar © [5] 


If a series of tests is made at constant speed, at selected loads 
from no load to full load, and at a given set of ambient conditions, 
the value of b, F, and f will be obtained at each test condition. If 
we select from the data one set of values by, Fi, and f; then from 
Equation [5] 

By t= C=) (Co — Afi) Fa. 2. ee - =e {6] 


Subtracting Equation [6] from [5] and assuming that cis constant 
at a given speed and is independent of load 


b— bd; = o(F — F;) —aGF —SfiFi).......-.-{7] 
Dividing Equation [7] by (F — F1) we obtain 
b ——* by fF —fihi 

Cp —— tenes sree tee sal = 8 

eae ere F—F (8] 


Remembering that b, F, and f can be any set of values in aseries of 
tests at constant speed but at different loads and that bi, Fi, and fi 
are one particular set of values chosen arbitrarily, then Equation 
[8] shows that if = is plotted against oo a straight line 
should result and it will be possible to evaluate the constants eo 
and a. It is apparent therefore that Equation (8] offers a 
method for determining the relation between derived indicated 
efficiency and fuel : air ratio by measuring only brake horsepower, 
fuel ; air ratio, and fuel consumption in a series of tests at constant 
speed but at different loads. 

To determine the applicability of the foregoing method of 
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the test results and are plotted in Figs. 13, 14, 15, 16, and 17. In 
making the computation, the test at minimum load for each con- 
stant ambient condition was arbitrarily chosen for determination 
of the value of b;, Fi, and fi. 

Figs. 13, 14, and 15, respectively, represent test results obtained 


analysis, the values of were computed from 
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with engine A at 600, 1000, and 1400 rpm. It will be observed 
that at a given speed the results obtained at all ambient conditions 
can be represented with good precision by a linear relation. The 
same conclusion is indicated by Fig. 16 which represents data 
obtained in tests with engine B at 1000 rpm, and by Fig. 17 
which represents data obtained in tests with engine C at 600 rpm. 
The average deviation from the average curve is approximately 
0.08 ihp-hr per lb of fuel. Thus the average curve represents 
derived indicated efficiency with an average relative error that 
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ranges from approximately 2 to 3 per cent. It will be observed 
that individual points are dispersed at the lowest values of 
Hee NO 

F—F, 
cannot be determined precisely when this difference is low. For 
example, an absolute error of 0.2 hp represents a relative error of 
10 per cent when b — by is of the order of 2 hp. 

The values of the parameters ¢) and a were determined by the 
method of averages (7) and are given in Table 4. In determining 
the average points the data for each engine speed were divided 
into two groups above and below an arbitrarily selected value of 
jE anes 

R= Fs 
this term and were as follows: 0.04 for tests of engine A; 0.05 
for tests of engine B; and 0.045 for tests of engine C. Table 4 


(see Fig. 16). This occurs because the different b — hy 


The values selected were in the middle of the range of 


€0 . : 
also shows values of — as these are required in a subsequent sec- 
a 
tion of the report. 


TABLE 4 VALUES OF e AND a IN RELATION e = & — af 


Engine speed, Co. 


Engine rpm €0 a a 
A 600 4.13 22.7 0.182 
A 1000 4.28 23.6 0.181 
A 1400 4.42 24.4 0.181 
B 1000 3.98 20.6 0.194 
Cc 600 3.66 19.2 0.191 


Tt will be observed that the values of e and a appear to be 
affected by engine speed and type of engine. Therefore each 
set of values applies only to a particular engine and a particular 
engine speed. However, from the limited data available it ap- 


pears that iis approximately the same for the three engines 
a 


tested and may not be affected by engine speed. If this is true 
for a number of engines, it would be possible to develop one set of 
correction factors applicable to all engines. 


lac ia . 
In connection with the apparent constancy of a it is of interest 


€0 . 5 A f 
to note that A is the fuel: air ratio at which both derived indicated 


horsepower and brake horsepower pass through a maximum, 
This can be shown by substituting for /’ its value fQup in Equation 
[3] or [5]; taking the derivative of ¢ or b with respect to f; equat- 
ing the derivative to zero and solving for f. Since the fuel : air 
ratio at which maximum horsepower is obtained is a function 
chiefly of the thermodynamic properties of the working fluid, it is 


not surprising that ~ which is twice this ratio should be approx- 
a 


imately the same for different engines. It should be pointed out 
that Equation [1] only approximates derived indicated efficiency 


: y ‘ A a e 
at fuel: air ratios on the rich side and therefore = probably is 
a 
not the exact fuel: air ratio that results in maximum power. 
e 
Nevertheless = is an approximation of this particular fuel : air 


ratio and therefore it is not unreasonable to expect that it has the 
same general property of being determined principally by thermo- 
dynamic considerations and of being more or less independent of 
engine design. 

From the foregoing it is apparent that we have a relation that 
is independent of ambient conditions and that can therefore be 
used in the development of rational procedures for correcting 
power output to standard ambient conditions. It is not claimed 
that the value of e obtained from Equation [1] is the true indi- 
cated efficiency, and for that reason it has been called derived 
indicated efficiency. Although the value of ¢ is somewhat em- 
pirical, nevertheless we can operate algebraically with Equation 
[1] since it represents actual test data with reasonable precision. 

The evaluation of the parameters e9 and a permits evaluation 
of the parameter cin Equation [5 ]. It will be remembered that ¢ 
is designated as ‘‘derived friction horsepower.” Solving Equa- 
tion [5] for c we obtain 

c = (e — af)F — b..... cee eee eee (9] 


Since the values of b, F, and f are known for any test ‘condition it 
is possible to determine c. 

The values of c obtained using the values of e and a for the 
engine and engine speed in question (see Table 4) are given in 


c : : : 
Table 5. Values of Q are also given as they are required in a 


subsequent section of the report. 

It will be observed that the average values of derived friction 
horsepower given in Table 5 are always greater than the fric- 
tion horsepower determined in motoring tests (except for engine B 
at 30 inches absolute pressure and normal temperature). In gen- 
eral, the value of ¢ tends to decrease as the ambient pressure is 
reduced. This same tendency was observed in the friction horse- 
power determined in motoring tests. The maximum and mini- 
mum values of ¢ for each series of tests are given in Table 5 and 
indicate that at a given engine speed c is ‘‘constant”’ within rea- 
sonable limits. ‘The computed values of c did not appear to be 
related to fuel : air ratio. 


Mernops or CorRECTING Powrr-Ovurreut DETERMINATIONS TO 
Sranparp AMBIENT CONDITIONS 


Derivation of Relations. Starting with Equation [1] which is 
independent of ambient conditions, we can derive expressions for 
converting measurements of power output to standard ambient 
conditions. Several expressions can be derived depending upon 
which parameters are retained. One such expression is derived 
in this section and two other forms of the correction equation are 


given. 
If the subscript s denotes standard ambient conditions and the 
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TABLE 5 VALUES OF DERIVED FRICTION HORSEPOWER, ec 


Absolute 

pressure 

atintake Temperature Friction 

Engine and ex- Tange at horsepower 
speed, haust, in. intake, Values of c from motoring _ © 
Engine rpm _ of mercury F Maximum Minimum Average test 

A 600 30 80-94 7.8 Wak 7.3 6.6 0.00224 
A 600 25 71-76 Tan 6.8 6.9 6.0 0.00212 
A 600 20 70-74 vd! 6.4 6.8 5.3 0.00209 
A 1000 30 74-97 14.0 12.6 13.2 11.2 0.00247 
A 1000 25 70-96 13.1 11.6 12.0 10.0 0.00223 
A 1000 20 71-91 13.3 11.5 11.9 i) 0.00220 
A 1400 30 90-105 20.6 19.5 19.8 15.4 0.00261 
A 1400 25 76-80 18.9 18.4 18.7 14.2 0.00246 
B 1000 30 76-92 7.7 6.9 7.3 7.4 0.00186 
B 1000 25 80-103 7.8 6.7 7.3 6.8 0.00186 
B 1000 20 73-101 7.8 6.6 mio 6.1 0.00181 
B 1000 30 221-232 8.3 7.3 boll 7.2 0.00196 
B 1000 25 230-232 7.5 7.2 7,38 6.8 0.00186 
B 1000 20 230-233 7.2 6.4 6.84 6.2 0.00173 
C 600 30 102-112 10.9 9.2 10.24 8.7 0.00146 
Cc 600 25 77-92 10.1 - 7.5 9.32 8.2 0.00132 
Cc 600 20 85-97 10.6 8.8 9.82 7.7 0.00140 


© Values of cin tests at fuel: air ratios greater than the chemically correct value not included in average. 


subscript ¢ denotes ambient conditions at the time of a test, then 
from Equation [3] 


ized le Tey Or ae enn aH | 


and 


CS CVS ip VOOR. Male ae Bes Se al) 


In converting power output to standard ambient conditions the 
rate of fuel consumption must be the same at the standard condi- 
tion as at the test condition; therefore 


and equating the values of F, and F, determined from Equations 
{10} and [11], we obtain 


ee Le ails} 


Subtracting 1 from both sides of Equation [14], we obtain upon 
simplification 


ome 
ef eens Ly Nese al TG 2 [15] 
Uy €0 
a0 thy 
af, 
Since 
F 
Fy eects Hoey [2 ea SNe Bat 16 
om [16] 
then when F, = F, we obtain 
Te VPs 
a OR ee, ee, [17] 
hi UsPs 


Substituting for’ in Equation [15] its value from Equation [17], 
Jt 


we obtain 
1% 
Op Vs 
a er Linendes see Diner ge [18] 
i, neil 
af, 


Without introducing a significant error it can be assumed that 
9, =, The basis for this assumption is discussed in a subse- 


quent section of this report. With this approximation Equation 
[18] becomes 


1—* 
te el sae Le eee ey [19] 
i, —_ 

of, 


Equation [19] gives a relation for correcting indicated horse- 
power to standard ambient conditions. However, in practice 
the principal interest is in the correction of measurements of brake 
horsepower to standard ambient conditions. This may be done 
by substituting for 7, and 7, the values obtained from Equation 
{4] which gives 


be 
bto 


Equation [20] is not in a convenient form unless the value of ¢, is 
known but from Equation [20] we may obtain the relation 


b, ok — c, 
eel pp ee ER Sal ant 
be ina wcdoad be 


. [20] 


Toate [21] 


The value of ¢ is not affected to a great degree by changes.in 
ambient conditions. Therefore, as a close approximation we can 
assume ¢, = c, and we obtain 

b, 


by 


Cr 
eB tte sh 
a 


Substituting in Equation [22] the value of R from Equation [19] 
and rearranging we obtain 


Pr\f & 
b, : —2\(¢ 4 1) 
= 1+ wobec 
b, oS 

af, 


When é and a are known Equation [23] can be used to correct 
to standard ambient conditions measurements of power output 
made at any ambient condition. It is necessary to know the 
fuel: air ratio at the test condition and the value of c, This 
latter factor can be computed from Equation [9] or it can be 
determined in a motoring test. A relatively large error in ¢ 


bs 
has comparatively little effect on the value of the ratio 5 
t 


By retaining different parameters in the correction equation 
other forms may be obtained. The following form contains the 
parameters a and ¢ 


demey 
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jana ot(t _ 1) | Atattict [24] 
by by Ob, Us Ps Vr Pt 


With the simplifying assumption made previously, Equation [24] 


becomes 
2 ) 
bs c& 1— gt (4-2) = 1 — 0 (#1)... a 
by Quid \ Pa Pt by Po 


Another form containing the parameters ¢ and ¢ is as follows 

b, eo”, v C.\ ¥ C 

COWES Plat 1— 2) 4 ae CE ees [26] 
by by UsPs by U5 Ps by 


With the simplifying assumptions made previously, Equation 
[26] becomes 


b eof’, — p Pp 
a ae eaten SNe na chew (27] 
by b Ps Ps 

Correction or Test Resuits to Sranparp AMBIENT 


ConpIvIions 


The test results have been corrected to standard ambient condi- 
tions of 29.92 in. of mercury and 60 F4 by using Equation [23]. 
This equation has been selected for illustrative purposes, although 
either Equation [25] or [27] could be used. Figs. 18, 19, 20, and 
21 show brake horsepower at standard ambient conditions 
(correeted brake horsepower) in relation to fuel consumption. 
It will be observed from these figures that a single curve repre- 
sents the relation between corrected brake horsepower and fuel 
consumption regardless of the ambient conditions of the tests. 
In general the average deviations from the average curve are 
of the order of 0.5 hp or less. Part of this deviation is caused by 
normal experimental errors; part is caused by deviations of 


4 This represents a commonly used engineering standard condition. 
The A.S.M.E. Test Code for Internal Combustion Hngines, Septem- 
ber, 1943, refers gas volumes to a standard condition of 29.92 in. of 
mercury and 68 F. The maximum difference between horsepower 
corrected to either condition is less than 0.9 per cent. 
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actual results from the average relation between derived indicated 
efficiency and fuel ; air ratio; and part is caused by the simplifying 
assumptions made in deriving Equation [23]. The largest devi- 
ations. of corrected brake horsepower from the average curve 
occurred in two tests of engine B at the highest rate of fuel con- 
sumption and at an ambient pressure of 20 in. of mercury (sce 
Fig. 20). In these two tests the fuel:air ratios (0.0706 and 0.0840 
lb per lb, respectively) were greater than the chemically correct 
value of 0.068. At these high fuel: air ratios combustion is in- 
complete and the derived indicated efficiency is not linear with 
fuel: air ratio (see Fig. 7). Therefore actual test results are not 
represented precisely by the average curve. 

From the foregoing it is apparent that Equation [23] yields 
reasonably precise results when used to convert brake horsepower 
at test ambient conditions to brake horsepower at standard 
ambient conditions. ‘The same order of precision of corrected 
brake horsepower may be obtained by using either Equation [25] 
or Equation [27]. It appears therefore that the principles 
outlined here may be useful in developing rational methods for 
correcting brake-horsepower determinations to standard ambient 
conditions. However, before such methods can be developed for 
universal application it will be necessary to obtain information on 
many more engines and to study the performance of each engine 
more intensively than was possible in the Bureau of Mines in- 
vestigation. As mentioned previously, this investigation was 
concerned principally with the effect of ambient conditions on 
exhaust-gas composition, and performance data were obtained 
only incidentally. 

The principal reason for choosing Equation [23] for illustrative 
purposes is that it can be put into a form convenient for graphical 
representation, which enables us to obtain a general idea of the 
magnitude of correction factors for power output of Diesel engines 


c 

over a wide range of conditions. The value of 1 + Z can be ex- 
Ot 

pressed in terms of fuel : air ratio and known parameters by utiliz- 

ing Equations [5] and [16], which gives 
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Substituting in Equation [23] the value of 1 + : from Equation 
t 


[28], we obtain upon simplification 
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b, Lovie tei Ole base + & 1 
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b, : 
Equation [29] shows that b can be expressed in terms of ge and f, 
t Ps 
when the values of ¢, a, ¢, Q, and v, are known. If we use the — 
data for engine B and assume @ = 3.98, a = 20.6; ¢, = 7.2; 
Q = 3930; and », = 0.85 (range of values of », for all test condi- 
tions at normal temperatures was 0.88 to 0.82) we obtain 


ee 
b, Ps 
—~=]4 Se ee [30] 
b, 0.194 0.000105 
i Fi? p. 


Equation [380] is shown graphically in Fig. 22 for an assumed p, 
of 0.0765 lb per cu ft (corresponding to an absolute pressure of 
29.92 in. of mercury and a temperature of 60 F). From this 
figure we may obtain an excellent idea of the approximate mag- 
nitude of the correction factor for brake horsepower throughout a 
wide range of possible operating conditions. It is emphasized 
that Fig. 22 applies only to one engine and one engine speed, and 
until further information is developed each engine and engine 
speed should be considered as an individual case in preparing 
charts similar to Fig. 22. However, from the data available it 
appears that correction factors for any engine and engine speed 
will be within a few per cent of the factors shown in Fig. 22, except 


at low fuel: air ratios. The reason for this is that the values of 8 

: a 
and a do not vary greatly with type of engine and engine speed. 
Furthermore the value of 3 is not affected greatly by engine 


speed within the range studied because both ¢, and Q are a function 
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" CQ. P 
of enginespeed. The value of 5 is affected by type of engine; how- 
ever, a study of Equation [29] shows that comparatively large 


tS ony F ) b, F 
variations in 6 have relatively little effect on 3, at the higher 
t 


fuel : air ratios. 
The most desirable form of the correction equation can be deter- 
mined only when additional data are available. If further tests 


e 
show that — is approximately constant for a number of engines 
a 
then it may be possible to use Equation [23] with an average 
e 
value of — for all engines except when extreme precision is re- 
a 


quired. The value of a may not vary widely from engine to 
engine, in which case Equation [25] might be more desirable. 

The conditions under which correction factors may have a 
significant effect on measurements of power output of Diesel 
engines will depend principally upon the precision of the measure- 
ment of power output, on the ratio of the ambient density during 
the test to the standard ambient density, and on the fuel:air 
ratio at which the engine is operated during the test. In this 
connection it is interesting to note that the A.S.M.E. Test Code 
for Internal-Combustion Engines, September, 1943, permits a 
maximum deviation from specified operating conditions of +3 per 
cent of the absolute barometric pressure specified and of +5 
per cent of the equivalent absolute temperature specified. Correc- 
tion factors for power output are not required within these limits. 
With these permissible deviations it would be possible for ambient 
density to deviate +8 per cent from the specified value. From 
Equation [30] it is evident that this deviation in ambient density 
would cause a deviation in specified brake horsepower of *3.5 per 
cent in the case of engine B operated at a fuel:air ratio of 0.05 lb 
per lb. It appears, therefore, that in some instances consider- 
ation might be given to the application of correction factors for 
power output even though the test ambient conditions are 
within the permissible limits specified by the A.S.M.E. Test Code. 
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Errecr or Ampient Conpitions oN VoLumerric HrriclIency 


In deriving Equation [23], one of the simplifying assumptions 
was that volumetric efficiency was not affected significantly by 
changes in ambient conditions. It is of interest therefore to 
present the evidence supporting this assumption. 

Figs. 23, 24, and 25 show the relation between volumetric 
efficiency and fuel:air ratio. ' It will be observed that volu- 
metric efficiency decreases slightly as fuel : air ratio increases. The 
relation is apparently independent of ambient pressure within the 
range studied, as the deviations of volumetric efficiencies at 
different ambient pressures are generally within the limits of 
experimental error (approximately 2 to 3 per cent). 

Fig. 24 shows a significant increase in volumetric efficiency 
as the temperature is increased. This apparent effect is a result of 
the method of heating the air and probably would not be observed 
if other more suitable arrangements were provided for heating the 
intake air. In the tests at elevated temperatures the intake air 
was heated electrically just before it entered the intake manifold. 
This method was used to avoid insulation of the intake surge 
tank. The addition of heat to the intake air results in an expan- 
sion in volume and therefore the work done during this expansion, 
which occurs at substantially constant pressure, must be 
considered. Under the test conditions a relatively large mass of 
intake air was on the upstream side of the air heater and a rela- 
tively small mass was on the downstream side. It would appear 
therefore that most of the work resulting from expansion during 
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heating would be done on the relatively low mass of air down- 
stream from the heater. It might be expected therefore that 
volumetric efficiency would be improved. It is believed that the 
foregoing explanation of the apparent effect of temperature is 
correct but additional experimental evidence will be required be- 
fore it can be stated definitely that ambient temperature has no 
significant effect on volumetric efficiency. 

In a Diesel engine operated at constant speed, changes in ambi- 
ent conditions result in changes in fuel: air ratio if the throttle 
setting (rate of fuel consumption) is maintained constant. Ac- 
cordingly, volumetric efficiency will be affected slightly by ambi- 
ent conditions. If it is assumed that the ratio of ambient density 
during the tests to standard ambient density is as low as 0.6 the 
volumetric efficiencies under the two conditions do not differ by 
more than 3 per cent in any of the engines tested. If this differ- 
ence were taken into consideration in Equation [23] the correc- 
tion factor would be approximately 1 per cent greater at the high 
rates of fuel consumption. 

If it is desired, volumetric efficiency can be related to fuel: air 
ratio by an equation of the following form 


in which w and d are constant for a given engine and engine speed. 


: Us 

This equation could then be used to determine the ratio of i. 

t 

However, for the ordinary range of ambient conditions encoun- 
tered it is doubtful whether this refinement is necessary. 


PREDICTING ENGINE PERFORMANCE BY ALGEBRAIC RELATIONS 


The equations developed in preceding sections may be used to 
predict engine performance at any given ambient condition and 
rate of fuel consumption. From Equations [5] and [16] we 
obtain 


In applying Equation [32] an average value of vy may be assumed 
without introducing a significant error. If desired, »v can be 
eliminated from Equation [32] by the use of Equation [31] but 
the resulting relation is much more inconvenient to handle. 

For purposes of illustration, Equation [32] will be applied to 
the results of tests of engine B at 1000 rpm. The values of the 
parameters are as follows: e = 3.98; a = 20.6; Q = 3930; 
v = 0.85 (range 0.82 to 0.88); c¢ = 7.2; and Equation [32] be- 
comes 

FP 

b = 3.98 F — 0.00640 Pt eon aes [33] 
A comparison of observed values of brake horsepower and values 
calculated from Equation [33] is given in Table 6. This com- 
parison shows that the equation can be used to predict the brake 
horsepower of engine B in its normal operating range with a 
maximum error of 0.7 hp. The error is greater when the engine 
is operated on the rich side (see Table 6, test 91) because under 
these conditions a linear relation between indicated efficiency and 
fuel : air ratio no longer holds. 

If desired, Equation [33] can be represented graphically to 
show the relation between b, F', and p. 


SUMMARY AND CONCLUSIONS 


This report presents the results of performance tests on three 
different commercial Diesel engines at different ambient condi- 
tions. Operation at different ambient conditions was simulated 
by controlling conditions in surge tanks connected to the intake 
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TABLE 6 COMPARISON OF BRAKE HORSEPOWER OF ENGINE 
B, CALCULATED FROM _ EQUATION B38), WITH OBSERVED 


BRAKE HORSEPO 
Nominal ambient pressure, in. Hg, abba. 
3 25————_—. 20- 

Test Calc. Obs. Test Cale. Obs. Test Cale. Obs 
no. bhp hp no. p bhp no. bhp bhp 
47 0.4 0.3 97 0.2 0,2 87 0.4 0.4 
57 5.3 5.1 76 5.0 5.1 88 4.4 5.0 
58 10.2 10.1 77 9.9 10.1 89 9.6 10.2 
59 14.9 15.0 78 14.7 15.0 90 14.4 15.1 
54 19.5 20.0 79 19.4 20.1 119 19.2 18.8 
63 26.9 27.5 80 25.5 25.2 91 21.5 19.6 


and exhaust of the engines. The tests were limited in scope be- 
cause the principal interest in the investigation was the effect of 
ambient conditions on composition of the exhaust gases produced 
by the engine. 

The pérformance data were analyzed, and a method was de- 
veloped for deriving a relation between so-called derived indicated 
efficiency and fuel:air ratio that is independent of ambient condi- 
tions. The existence of such a relation would be predicted from 
theoretical thermodynamic considerations. The report presents 
a method for deriving the relation between indicated efficiency 
and fuel:air ratio from determination of brake horsepower, fuel 
consumption and fuel:air ratio at different loads Ehroushieuy the 
operating range at a given engine speed. 

The relation between derived indicated efficiency and fuel:air 
ratio is used as the basis for developing rational procedures for 
correcting to standard ambient conditions brake-horsepower 
determinations made at ambient conditions prevailing during 
the tests. The methods developed were applied to the results of 
tests at different ambient conditions and it was shown that the 
corrected brake horsepower at a given rate of fuel consumption 
was independent of the ambient conditions during the tests. 
Thus the methods developed appear to be suitable for determina- 
tion of correction factors at least for the three engines on which 
data were obtained. 

The relation between derived indicated efficiency and fuel:air 
ratio may also be used as the basis for algebraic expressions which 
permit determination of the brake horsepower of an engine at any 
rate of fuel consumption and at any ambient density when all the 
parameters in the equation are known. Brake horsepowers com- 
puted from the derived-equation are in very good agreement with 
brake horsepowers determined in tests at a wide range of ambient 
conditions. 

The data and analysis presented in this report have shown that 
rational procedures can be developed for correcting brake-horse- 
powcr determinations to standard ambient conditions. How- 
ever, only three engines were tested and these engines were not 
studied as intensively as would be required in the development of 
generally applicable procedures for determining corrected brake 
horsepower. Further work may show that the parameters in the 
correction equation are not significantly different for differ- 
ent engines, in which case a single equation may be used for all 
engines. If this is not true, the correction equation will differ for 
different engines. There are indications also that these para- 
meters may be affected by engine speed. 

In an extensive study of methods for determining corrected 
brake horsepower it would be highly desirable to determine indi- 
cated horsepower directly and from this to determine whether 
ambient conditions have a significant effect on the relation be- 
tween indicated efficiency and fuel:air ratio. If this were done 
it would not be necessary to derive an empirical relation from 
data on brake horsepower, fuel consumption, and fuel: air ratio 
as outlined in this paper. 

Direct determination of indicated horsepower would also per- 
mit determination of the effect of ambient conditions on friction 
horsepower and of the effect of engine load on friction horsepower. 
If this fundamental information were available, more precise 
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methods could be developed for determining corrected brake 
horsepower. 

Surge tanks connected to the intake and exhaust were used in 
the present investigation because of their simplicity and availa- 
bility. However, in an extended investigation it probably 
would be advisable to test engines in a chamber in which the de- 
sired ambient conditions are maintained. 
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_ Water Injection in a Spark-Ignition Engine 


By W. P. GREEN! anp C. A. SHREEVE, JR.! 


The present war witnessed a revival of interest in the use 
of water as a coolant and detonation suppressor inside the 
engine cylinder. Aircraft engines when operated with 
water injection have been boosted in output above normal 
sea-level capacity and have functioned satisfactorily. 
This paper gives a review of past tests on the use of water 
as a coolant and detonation suppressor in gasoline en- 
gines. It presents new data regarding the use of water in 
very high compression ratio engines to promote increased 
part-load efficiencies with low octane fuels. 


HE introduction of water into the mixture, entering the 
pak of a spark-ignition engine, was tried as early as 

1866, and was common on carbureted engines burning 
kerosene a few decades ago. Its action was not fully understood 
but its purpose was to prevent detonation and to promote smooth 
combustion. In 1935 Ford L. Prescott reported tests on super- 
charged aircraft engines in which as much as 2.83 lb of water were 
added per lb of fuel. No loss in thermal efficiency and an in- 
crease in power output were noted. M. S. Kuhring has reported 
tests in which water was injected into the mixture at the super- 
charger, with results similar to those obtained by Prescott. 
Kuhring noted cooling effects on the spark plugs, cylinder heads, 
and valves when the water was injected. 

Colwell, Cummings, and Anderson have presented results of 
recent work on the injection of water, and water-aleohol into the 
mixture of truck engines. Data are given to show no increase in 
wear or other harmful effects on engine life as a result of using 
water in the combustion chamber. 

Steinitz has pointed out that the use of water with its attend- 
ant equipment complicates the engine and increases weight. 
Also there is the possibility of the water freezing unless mixed with 
an antifreeze solution. 

Past research has established the following facts in regard to 
use of water injection as a detonation suppressor: 


1 There is no loss of thermal efficiency with low rates of water 
injection. 

2 Cooling of the engine is not so important a problem at high 
outputs. 

3 Supercharged engines will give higher outputs due to cool- 
ing of the mixture by the injected water. The higher manifold 
pressures increase maximum cylinder pressures and engine out- 
put. Detonation is suppressed by the water. 

4 Space and weight requirements for carrying the water 
may be excessive unless condensing equipment is used to secure 
water from the exhaust gases. 

5 There is danger of the water freezing unless mixed with an 
antifreeze solution. 


PuRPOSE OF PRESENT TESTS 


In the light of previously published information the authors 
felt that tests conducted over a wide range of compression ratios 
and rates of water injection would accomplish the following: 
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1 Add valuable data as to quantity of water needed to prevent 
detonation at a number of load conditions and compression ratios. 

2 Determine whether worthwhile gains could be made by 
operating an overcompressed engine without water at low loads, 
with detonation suppressed in the high load range by water in- 
jection. 

3 Indicate effect of injected water on such items as exhaust 
temperature and heat loss to cooling water. 


Test Equipment. A single-cylinder water-cooled N.A.C.A. 
Universal test engine, located in the mechanical-engineering 
laboratories of the University of Maryland, was used for all 
tests, Fig. 1. This engine has a 5-in. bore and 7-in. stroke. Its 
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Fig. 1 Scuematic Layout or Test EQUIPMENT 


compression ratio may be continuously varied from 4 to 1 to as 
high as 14 to 1. The engine is equipped with a valve-in-head 
combustion chamber, with two intake and two exhaust valves. A 
magneto ignition system was used with a single spark plug located 
at the top of the combustion chamber. Engine output and fric- 
tion horsepower were measured with a Sprague-type electric 
dynamometer. 

Water was fed from a 1/2-gal beaker, mounted on a weighing 
scale, to a small jet located in the carburetor venturi. Flow of 
water was controlled manually. 

A standard fuel-weighing set-up was used to measure fuel- 
consumption rates. Mixture temperatures were measured with 
a thermometer inserted in the intake manifold 10 in. from the 
intake-valve port. Mixtures were checked during each test with 
an Orsat apparatus. Samples of exhaust gas analyzed were 
taken from an expansion tank located 4 ft from the engine- 
exhaust-valve port. Exhaust-gas temperatures were measured 
by an unshielded thermocouple located in the engine exhaust and 
read by a potentiometer. Exhaust temperatures were corrected 
for radiation and recovery losses as suggested by King (1)? and 
Hottel (2). 

Cooling water from laboratory mains entered a recirculating 
system actuated by a pump on the engine. Its temperature was 
measured at the inlet to the recirculating system. After passing 
through the engine cylinder and head to a thermometer well at 
the outlet, the water was caught in a tank and weighed. An 
RCA piezoelectric indicator was used to take cards and to check 
detonation visually. 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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Test Procedure. It was decided to operate the engine on one 
type of fuel at four different throttle openings, thus varying the 
output between 30 per cent load and full load. At each throttle 
position tests were run at a number of compression ratios. The 
first run at each throttle opening was made at a low enough com- 
pression ratio so that no detonation occurred under normal op- 
erating conditions. No water was injected on this run. Suc- 
ceeding runs were made at higher compression ratios with just 
enough water being injected to suppress detonation. Detonation 
was detected by ear and by the oscillograph on some tests. 

Table 1 shows items which were maintained constant on all 
runs. 


TABLE1 ITEMS WHICH WERE CONSTANT DURING TEST RUNS 


DAG iyo be aie Be AA Ain a ee) ere Ane TO rT COMO oO OO Ab OS gasoline 
Octane no. of fuel.......... 

Revolutions per minute... 
Spark advance, deg Btdc. 
Air-fuel ratio (approx).... : 
Cooling-water temperature in cyl- 


inder head and cylinder wall, deg F............000 eee eeeee 180 +5 
@ilttemperature deg Miacerranercraaetceune ticraetsionerstckerereter st. Grete 1260-475) 
Oil pressure; PSL. & Kiderarscer cl erase stsiere Cone rareles choc Ae ate Sereus one Revere as 42 . 
Wixhaust: presa ures ive arcsec aieisele se ase a eieialn ocalgnele civic, pivistnte eter aie atmospheric 
Inlet airy (deg Hater sys feitare ..60 = 5 
Mixture temperature, deg Ey. :c)esslereieleie ersiete eye efeistevsrarstels Soihers ave 5 = 3 
Barometer reading, in. Hg.. 30 + 0.10 


The engine was operated for approximately 2!/, hrs, until 
readings indicated that all operating conditions were constant. 
Several test runs of 15 minutes were conducted at each com- 
pression ratio. Whenever the compression ratio was changed at 
least 30 minutes were allowed for conditions to stabilize before 
new test readings were taken. 

Primary test data taken in addition to readings of standard 
conditions were as follows: 


Dynamometer load 

Cooling-water temperature at inlet 
Cooling-water temperature at outlet 
Pounds of cooling water 

Exhaust temperature 

Orsat analysis 


Compression ratio 
Duration of run 

Pounds of fuel consumed 
Pounds of injection water 
Average rpm 


Results. Results computed from the data are plotted in 
Figs. 2, 3, 4,5, and 6. Each figure shows the engine performance 
at one throttle opening for various compression ratios and throttle 
openings. 

It is apparent from a study of these figures that as the load is 
increased, water injection must start at lower compression ratios 
in order to prevent detonation. If, however, effective compres- 
sion ratios are considered, it is necessary to start water injection 
at compression ratios between 4.2 and 5.1 to 1 for all tests on 
this engine. ; 

Indicated horsepower, brake horsepower, and thermal efficiency 
show marked gains with increase in compression ratio, especially 
in the case of throttle opening No. 1. At compression ratios 
larger than 11:1 there is no appreciable gain in efficiency and 
power due to the action of the injected water. 

Exhaust temperatures and heat to cooling water. decrease 
rapidly with increased compression ratios and water rates. 

Fig. 6 shows a typical mechanical-efficiency curve for this 
engine. It was found that the variations in throttle opening and 
compression ratio had little effect on this curve. All points fell 
within + 2 per cent of the curve. 


QUANTITIES AND Errects or InsEcTION WATER 


Fig. 7 shows a family of curves indicating the pounds of water 
required per pound of fuel to prevent detonation for various horse- 
power and compression ratios on this engine. It will be noted 
that higher outputs and compression ratios required higher rates 
of water injection. In connection with these curves, it should be 
noted that in the high-load and compression-ratio ranges the 
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engine did not detonate although it ran roughly and occasionally | 
misfired. It is possible that misfiring could have been prevented 
by use of other types of spark plugs, although this was not investi- 
gated. 
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Fig. 8 shows a set of typical pressure-time-indicator cards for 
this engine at full throttle and with various compression ratios, 
using a slightly different gasoline from that of the preceding tests. 
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Fig. 7 


At the 4.8:1 compression ratio it was not necessary to add 
water to prevent detonation. At 5.2:1 compression ratio slight 
detonation was evidenced by the sharp peak at the top of the 
card. This was remedied on the next card by the addition of just 
enough water to prevent detonation. It will be noted that the 
first effect of the water was to lower the maximum pressure. 

As the compression ratio was increased it was necessary to in- 
crease the water-injection rates to prevent detonation. It will 
be noted that the effect of high rates of water injection was to de- 
crease the slope of the expansion line to a marked degree. 

The 9:1 compression-ratio card has an excess of water and defi- 
nitely shows the effect of the water vapor on the expansion line. 

Fig. 9 shows the effect of the addition of water on the cooling 
loss (Btu/bhphr). This curve indicates that the heat loss to 
cooling water is largely dependent on the water-injection rate. It 
also shows that for higher rates of water injection the cooling 
problem is reduced to a point where it is possible that no external 
cooling other than that done by radiation and the lubricating oil 
will be required. 

Fig, 10 shows the effect of brake horsepower and compression 
ratio on brake specific fuel consumption. Water was added 
where necessary to prevent detonation in the amounts indicated 
in Fig. 7. At the lower brake horsepowers there is a marked 
difference between the specific fuel consumption at the various 
compression ratios, while at the higher outputs the water required 
to suppress detonation lessens the gains due to higher compression 
ratios. i 

Fig. 11 shows a comparison between the fuel required for the 
various compression ratios in per cent of fuel required for 6:1 
compression ratio. At the lower loads the 11:1 compression ratio 
will save about 50 per cent of the fuel required at the 6:1 com- 
pression ratio. As the load increases the fuel economy due to the 
higher compression ratio decreases until at full load the amount 
of injected water may actually make the higher ratio slightly less 
economical. 
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CONCLUSIONS 


The injection of water into the engine cylinder decreases the 
maximum pressure and tends to decrease the slope of the ex- 
pansion line with little or no change in thermal efficiency. 

Savings shown by the curves in Fig. 11 indicate the desirability 
of the use of water injection in engines that will operate the 
greater portion of the time in the low-load range, with only occa- 
sional use at full power. 

Exhaust temperatures are reduced by water injection although 
a portion (or all) of the normal heat transferred to the cooling 
water now appears in the exhaust. 
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Relation Between the Impact and Flexural 
Tests for Molded Plastics 


By L. E. WELCH! ann H. M. QUACKENBOS, JR.! 


A theoretical treatment of the phenomena of impact is 
presented which indicates that rupture under dynamic 
stress-strain conditions results from the same basic con- 
siderations as those governing static or flexural failure. 
This thesis is proved experimentally by reducing the prob- 
lem to one of stress rather than the usual method of en- 
ergy evaluation. When this is done with the aid of newly 
developed high-speed electronic techniques, it is conclu- 
sively demonstrated that impact loading is merely a 
special case of static loading whereby the stress-strain 
conditions are identical except for a slight elevation in 
strength under dynamic conditions. It is shown that the 
existing methods of impact-strength evaluation such as 
the standard Izod and Charpy tests lead to erroneous re- 
sults since the machines in use are apparently of too light 
a construction, and the technique is oversimplified. It is 
suggested that the static flexural-test technique when 
properly carried out to evaluate the energy required for 
fracture and the notch sensitivity, is sufficient to predict 
the service characteristics of essentially brittle materials 
under conditions of both static and impact loading. 


NOMENCLATURE 
The following nomenclature is used in the paper: 


A, B = constants in Equation [16] 
b = width of specimen 
E = modulus of elasticity of specimen 
g = gravitational acceleration 
h = depth of specimen (taken outside notched area 
where bar was notched) 
I = moment of cross section of specimen 
K, Ky, Ks = spring constant of system, machine and speci- 
men, respectively 
1 = distance from plane of loading to center of gage 
for cantilever 
L = span of specimen, or length in Equation [4] 
M = mass of impacting element 
P = force exerted in either static or dynamic loading 
t = time after impact 
t; = total time duration of nonfracture impact 
u = mass per unit length of specimen 
U = strain energy in specimen under flexural or 
impact loading 
U» = kinetic energy of falling (impacting) element 
Us, Uy = energy stored in specimen spring and machine 
spring, respectively 
w = frequency of natural vibration of specimen 


1 Research and Development Laboratories, Bakelite Corporation, 
Bloomfield, N. J. 

2 Kast Orange, N. J. 

Contributed by the Rubber and Plastics Division and presented 
at a meeting of the Metropolitan Section, New York, N. Y., February 
7, 1946, of Taz American Socinry or MecHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
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the Society. 


% = velocity of impacting element at moment of 
impact 
€ = maximum strain in specimen 
o = maximum stress in specimen 
y = deflection of specimen in bending test 
Ym, Ys = deflection of machine spring and specimen 
spring, respectively, at any time during impact 
Yu’, y's = Maximum values of yj and ys during impact 


INTRODUCTION 


Three tests have been generally accepted for evaluating the 
mechanical properties of rigid plastics. These are the tests for 
tensile, flexural, and impact properties. Of these the Izod and 
Charpy impact tests on a notched bar are the most valuable 
because they differentiate between materials that show similar 
tensile and flexural results. For example, with the phenolic- 
resin molding materials with which this paper is largely con- 
cerned, the flexural strength usually falls in the range 7000 to 
15,000 psi, while the tensile strength displays a smaller variation. 
The type of filler (wood flour, fabric, mineral, etc.) is more re- 
sponsible than the type of resin for these changes. The Izod 
impact strength, however, may vary from 0.15 ft-lb per notched 
specimen for the wood flour filled to 2.5 ft-lb and higher for the 
fabric filled. Moreover, the impact evaluation is usually a fair 
forecast of the toughness of a molded object, especially where 
internal corners exist. But there are many instances where the 
agreement between impact tests and practical experience breaks 
down completely, and so an examination of the Charpy and Izod 
tests for rigid plastics was undertaken. 

A brief description of the flexural and impact tests can well 
precede a review of the literature. In the standard flexural test 
a molded specimen, 5 X !/2 X 14/2 in., is loaded on a 4-in. 
span. The load-deflection curve is often linear to failure and 
if ductility is exhibited, it is small. The usual modulus of elas- 
ticity (hereinafter referred to as simply modulus) for phenolic 
molding materials ranges from 1-4 X 108 psi. The Charpy and 
Izod machines are similar to those used for testing metals, ex- 
cept that they are of much lighter construction to accommodate 
the relatively brittle plastic materials. The standard Izod 
machine weighs approximately 120 lb. In each test the stand- 
ard specimen is 4/2 X 4/2 in. with a milled notch 0.100 in. deep, 
and with a radius of 0.010 in. at the bottom. The Izod specimen 
is a cantilever 1!/, in. long struck 0.866 in. above the point of 
clamping. The Charpy specimen is supported on a 4-in. span 
and is struck on the side opposite the centrally disposed notch. 

The impact strength, that is, the energy loss of the pendulum, 
is usually considered to be composed of three main parts: 


1 Actual strain energy to break the specimen. 

2 Machine losses; vibration and damping in the base of the 
machine. 

3 Energy lost by the pendulum in projecting the broken end 
(Izod) or ends (Charpy) of the specimen. 


Item 3 has been the subject of several recent papers (1, 2, 3, 
4, 5).3 The “end effect’? was eliminated either by lowering the 


3 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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pendulum in the orthodox tests until it possessed just enough 
energy to fracture the specimen, or by using a drop-weight ma- 
chine in which the specimen is struck blows of increasing severity 
until fracture is caused. The energy associated with the end 
effect varies considerably with the filler. It is a small or neg- 
ligible proportion of the measured impact strength with the 
tougher materials having a filler of fiber. With the more brittle 
wood-flour type the proportion may be 60 per cent and as high 
as 85 per cent with a high-density lead-filled composition. Con- 
sequently, quite a different comparison between the common 
molding materials is given when the end effect is eliminated. 

With the energy of projection disposed of, the residual impact 
energy is then the sum of items 1 and 2, that is, the strain energy 
plus the machine losses. Most opinions place the machine 
losses as nearly zero (2, 3, 6). This leaves the residual impact 
energy as strain energy, and one could reasonably expect it to 
agree with the energy in a flexural test. Recent tension impact 
tests of metals (7, 8) have demonstrated that the same stress- 
strain behavior often occurs in both dynamic and static loading. 
Early work (9) on wood in long-span flexure shows the same 
agreement. A paper by Hazen (10) points out that the static 
flexural energy is a better criterion of service toughness than the 
standard Izod impact value. Yet the residual impact energy is 
about 25 per cent higher than the corresponding flexural energy 
in the Charpy test and is 3 or 4 times as high in the Izod test. 
The Izod flexural energy for the cantilever of 0.866 in. was calcu- 
lated in the orthodox way, from the ratio of the spans, as 0.866/4 
in. times the energy at a flexural span of 4 in., with a 32 per 
cent increase to allow for shear. 

These discrepancies between the static and dynamic energies 
suggest the following possibilities: (a) The stress-strain rela- 
tions under impact loading are different from those under static 
loading; (b) machine losses are appreciable. 

To resolve these questions the stress-strain diagram in impact 
has been determined in the Izod and Charpy machines and 
compared with that for static loading at the same spans. The 
strain energy in impact absorbed by the specimen can be caleu- 
lated from the relation between stress and strain. The differ- 
ence between this energy and that applied by the pendulum, 
with the end effect eliminated, is taken as machine losses. 
As machine losses were appreciable, their variation with span 
was established in a drop-weight type of impact machine. 

As to the stress-strain diagram in impact, the strain was mea- 
sured with a resistance-wire strain gage cemented to the speci- 
men. The voltage change across the gage on straining was 
amplified and passed to an oscillograph where the displacement 
of the oscillograph spot then became a measure of the strain. 
The measurement of dynamic strain in this fashion is an estab- 
lished technique in a number of laboratories (8, 11, 12). The 
determination of dynamic stress requires a delicate method (8) 
that could be avoided here because most of the materials used 
possess a linear stress-strain relation to failure. The dynamic 
modulus was calculated from the frequency of natural vibration 
and assumed equal to the modulus present under impact loading. 
The dynamic stress was derived as the product of this modulus 
and the measured strain. 


EXPERIMENTAL PROCEDURE 


Experiments covered the range of common, phenolic molding 
materials having a variety of fillers and included work on cast 
iron and steel. All bars had a rectangular cross section. The 
molding materials were either molded as individual specimens or 
cut from molded plates 8 in. X.10in. The laminated specimens 
were cut from plates. The cut surfaces were smoothed by grind- 
ing. The cast iron was cast as a single plate, 12 X 12 X 3/sin., 
and bars were cut therefrom 6 X 3/s X 3/3 in. and finished by 
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grinding. The single steel specimen used was 6 X 1/2 X 1/2 in. 
from cold-rolled stock. Some of the plastic specimens having a 
section 1/2 X 1/2 in. contained standard notches, 0.100 in. deep, 
0.010 in. radius, milled in the center of one face. Table 1 sum- 
marizes the materials. 


TABLE 1 LIST OF MATERIALS USED 

Material Description 

BM-02i. suo dsatnias 258 Phenolic resin + wood flour 

BM=1203 ges cian ctenasc Phenolic resin + wood flour 

BM=262:0)i corer: Phenolic resin + mica 

BM=1914 (oes carne Phenolic resin + kraft paper 
BMs3510.2.55240i. kre Phenolic resin + fabric 

BIM=6260 0 cis cine eee Phenolic resin + wood flour + cotton floc 
XM-9131... . ..Pure phenolic resin — no filler 
BM=13080 0.) cfd ~ qereos Phenolic resin + wood flour + cotton floc 
BM-IG468 55. cra eower Phenolic resin + fabric 

Steel 

Cast iron 


The plastic specimens were conditioned 2 days at 50 C and 
were kept until tested in the laboratory maintained at 25 C, 50 
per cent. relative humidity. 

The following tests were performed: To remove directional 
effects the same face (e.g., a top molded or cast face) was always 
in tension. ; 

1 Flexural test on a span of 4 in., according to A.S.T.M. 
D790-44T: Load-deflection curves were recorded with a 
Templin stress-strain recorder which magnified the deflection 
40 times. Spans other than 4 in. were used occasionally. The 
measured deflection includes deformation of the machine parts 
and indentation into the specimen of the edges for loading and 
supporting. A load-deflection curve was run at zero span (sup- 
porting edges together) to give a correction to the measured de- 
flection. For the common thermosetting materials in the form 
of a bar of !/2 X 1/2 in. cross section this correction is about 
5 per cent at a span of 4 in. 

With deflection corrected, modulus for an unnotched bar was 
calculated from the slope of the load-deflection curve according 


to 
PL’ 3h? 
i= 1 =| eater, TO ar ee eee 
= + &, [2] 


and flexural energy from the area under the load-deflection curve. 

Modulus was also measured by loading an unnotched bar hav- 
ing a strain gage cemented to the tension face of the specimen. 
The gage (Baldwin Southwark type SR-4, A-5, length 1/2 in.) 
was connected to an SR-4 strain meter in the usual way. The 
center of the gage was vertically below the loading column. 
The observed strain for a given load must be multiplied by 
L/(L—1*/,) to give the maximum strain in the plane of loading. 
Load was converted to stress by 


and modulus calculated from the slope of the curve of stress 
versus Maximum strain. 

2 Static cantilever test: Modulus was determined with re- 
sistance-wire strain gages for a span of 0.866in. If the center of 
the gage was distance / from the plane of loading, the stress by 
which the observed strain was divided to give the modulus was 
calculated from 


A notch, when present, was located on the tension side with its 
“vee’’ in the plane formed by the faces of the gripping members 
and a “modulus” was calculated as if the notch were absent. 

3 Dynamic modulus: The frequency of natural vibration 
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Fic. 1 Frequency or NaTuRAL VIBRATION FOR BM-13080, !/2 X 1/4 IN. AND 1000 Cycies PER Sec CALIBRATION 
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was determined mainly for bars having a cross section '/2 X 
1/,in. An SR-4 A-5 gage was cemented to the central area of 
the specimen. The gage was connected into the dynamic-strain 
circuit described in the Appendix. With the oscillograph spot 
spread into a line, the vibrations of the bar when held lightly 
at one end and struck at the other cause a wave to appear on the 
screen of the oscillograph, Fig. 1. This wave is photographed 
and compared with a wave of 1000 cycles per sec induced by an 


oscillator. From the natural frequency , modulus £ is (13) 
22.4 [ET A 
w= I? BC a [ 


4 Measurement of applied impact energy: The Izod and 
Charpy machines were fitted with movable spring releases to 
allow the pendulum to be dropped from any desired height. 
The heights used were such that the impact velocity varied be- 
tween 2 and 11.4 fps. The specimen was either given a light 
blow, insufficient to break, or a blow such that the swing-through 
after fracture was small. The energy applied to the specimen 
in either case is calculated as in the Appendix. The Izod ma- 
chine is a standard type manufactured according to the specifica- 
tions of the Bell Telephone Laboratories. The Charpy instru- 
ment was of lighter weight and was made in the bakelite machine 
shop. i 

In the drop-weight tester, Fig. 2, a grooved weight released 
magnetically slides down vertical stainless-steel wires. The base 
is a steel plate set in a concrete block, 18 XK 12 X 4 in. 
The energy is the product of the height and the weight with an 
allowance for friction established in a calibration with an elec- 
tricaltimer. The energy of fracture was determined by an incre- 
ment method. The height was raised 10 per cent each time 
from an initial height adjusted so that 2 to 4 blows were needed 
for fracture. 

5 Measurement of impact strain and time: The distribu- 
tion of strain was established with A-8 gages which were good 


Fic. 2 


Tue Drop-WeicHt Impact Macuine, SHowING WEIGHT 
Suipinc Down WIRES 


indicators of essentially point conditions by virtue of their ex- 
tremely small gage length of 1/;in. The A-8 gage was also used 
to detect any compression of the bar against the pendulum and 
against the supports. Fig. 3 illustrates the disposition of the 
gages for these experiments. 

Once the strain was found to be distributed linearly, subse- 
quent experiments were carried out with A-5 gages which are 
t/, in. long. The maximum strain was calculated from the ob- 
served strain at a certain position assuming linear distribution. 

With most experiments in which the bar was struck lightly the 
oscillograph beam of electrons was narrowed to a spot and its 
displacement was observed by eye as a mean of several blows. 
Photographs confirmed the precision of this visual method. 
When photographs were taken the circuit was modified so that the 
spot was traveling across the face of the oscillograph at a con- 
stant rate. The impact then appears as a loop with strain in 
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Fig. 3 Disposition or Srrain Gages ON CHARPY AND Izop Spxci- 
MENS 


vertical units and time in horizontal units. The calibration of 
the vertical and horizontal units is described in the Appendix. 
Where the bar was broken photographs were taken with a Con- 
tax. 

In any one set of tests all bars of one material were from the 
same batch but different batches were frequently used for differ- 
ent tests. This explains slight variations in modulus from test to 
test. 


Discussion OF RESULTS 


In analyzing the response of a bar to impact loading it is 
natural to compare with conditions under static loading. The 
criteria of comparison are modulus and distribution of strain. 

Dynamic Modulus. The dynamic modulus is in most in- 
stances the same as the flexural modulus, Table 2. Later when 


TABLE 2 DYNAMIC AND STATIC MODULI; 4 IN. SPAN 
Flexural modulus Dynamic modulus 


Material psi X 1076 psi X 1076 
BM-120. 1.25 1.20 
M2620 5 sas oferta Sonere sae 4.66 4.55 
BM-1914 1.53 1.69 
SMES 510 voy. cpa sae cterees 1.47 1.80 
3 M-G266) 0. en atnerectte eae 1.13 1.14 
SXMAOUSI a sind tceapor eaten. 0.98 1.04 
BM=13080 oo iiss cs careers 1.15 ES 
BM-16468 00 2c sect cates 1.33 1.46 
Steel cose s-ce eo aes is 29.5 (29.5) 
Cast avon oNeencorsre oe 10.5 (10.5) 


@ Specimen, 1/2 X 1/2in. All others 1/2 X 1/4in. 
Nore: Dynamic modulus assumed equal to static modulus for steel and 
cast iron, 


calculations were made of impact strain energy in the specimen, 
the modulus used was the flexural modulus, except for BM-3510, 
BM-16468, and BM-1914, where the flexural moduli were in- 
creased 20 per cent, 10 per cent, and 10 per cent, respectively. 
Two simplifications are implied when calculations on this basis 
are made for specimens of various dimensions in the Charpy and 
Izod tests and for notched bars in the latter. These are as 
follows: 
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(a) While nearly all the results of Table 2 are for bars having 
a section 4/2 X 1/4in., they are assumed to hold for all dimensions. 

(b) The static modulus for notched and unnotched cantilever 
beams (0.866-in. span) is the same as the flexural modulus (4-in. 
span). Actually the former (notched) tends to be a few per 
cent lower, and the latter (unnotched) the same degree higher, 
as established by strain gages. 

Deformation Under Static and Dynamic Loading. Fig. 4 
illustrates the variation with distance of the dynamic surface 
strain for a beam tested in the Charpy machine. In general 
this strain increases from zero at the supports to a maximum 
at the center, the point of striking, just as it would under similar 
flexural loading. This was true for several values of the span 
length and several specimens of different dimensions struck blows 
insufficient to cause fracture. 

There were anomalous effects but these were small enough to 
be ignored: (a) The hammer knife-edge indents into the speci- 
men causing a low compression strain at the point of impact, 
Fig. 4; (6) at the supports and at the striker a local compression 
wave travels between the surface being hit and the opposite 
face; (c) at the supports the bending strain is not quite zero. 
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Fie.4 Impact Strain Versus Distance From Support In CHARPY 
MaAcHINE 
(BM-021, Span = 2in., b = 0.5 in., h = 0.5 in.) 


Similar anomalies were observed in the unnotched Izod speci- 
men, but otherwise the surface strain increased in linear fashion 
from the plane of striking to the plane of clamping. 

Taken in conjunction with the agreement between the static 
and the dynamic modulus these findings permit the conclusion 
that strain, stress, and load build up from zero in the same way in 
both tests. : 

Energy Absorbed by the Impact Specimen. In these circum- 
stances the impact strain energy can be computed from the 
measured impact strain by exactly the same equations that hold 
for static loading. The strain energy absorbed by a rectangular 
beam in reaching a maximum strain in flexure e, at the surface, 
in the plane of loading is given by 


1 h? 
ee 2 oe 
U F16 ees (. =. 5) dotted Merersnngs te {5] 


This is a standard textbook formula (14). The factor in paren- 
theses allows for shear energy and is predicated on a value of 
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TABLE3 ENERGY ABSORPTION IN CHARPY MACHINE FOR UNNOTCHED BARS STRUCK 
WITH BLOW INSUFFICIENT TO FRACTURE 


b h Span 
Material in. in. in 
BM-O2 Ue. cakes 0.50 0.50 21/16 
BM-262.......... 0.50 0.50 21/16 
4t/s 
IBMAS5 105. 0.ce con 0.50 0.50 a 
41 
Castiron.:....... 0.375 0.375 21/%6 
41/4 
0.25 At/4 


; Measured Calculated 
Dynamic modulus, absorption, absorption,? 
E, psi X 10-6 per cent per cent 
1.25 36 36 
4.55 16 13 

81 52 
1.90 34 27 
72 73 
10.5 43 16 
91 58 
See Table 2 102 96-97 
(mean) 


® Calculated absorption based on BM-021 as explained in text. 


Note: 
fps. All bars unnotc. 


ed. 
0.3 for Poisson’s ratio, which is true for most plastics (15). The 
formula for a cantilever is similar (14) 


h2 
(+5) 
where ¢is now the strain at the grip. 

A sample calculation for the Izod machine will illustrate the 
method. Material BM-021, b = 0.50 in., A = 0.50 in., no notch. 
Observed strain for gage with center 19/64 in. from grip = 3000 
microinches per in. Maximum strain at grip = 3000 X 0.866/ 
(0.866 — 19/64) = 4560 microinches per in.; H = 1.25 X 10° psi. 
Hence energy absorbed by specimen U, from Equation (6] 
with L = 0.866 in. is 0.034 ft-lb. Energy applied by hammer 
= 0.131 ft-lb. Per cent measured absorption by specimen = 
0.034/0.131 X 100 = 26 per cent. Measured absorptions for the 
Charpy machine are arrived at in the same way by means of 
Equation [5}. 

Measured absorptions calculated by these methods are listed 
in Tables 3 and 4 for the two impact machines. The signifi- 
cance of calculated absorption will be discussed later. 

When the specimen does not break there are, of course, no 
end effects, and these have been eliminated from the applied 
energy when it does break. It is seen that generally not all the 
applied energy is absorbed by the specimen, the remainder pre- 
sumably being lost to the machine. According to the figures 
presented, the per cent absorption varies from material to mate- 
rial in both machines and is especially erratic for specimens 
broken in the Izod test. Further, in the Izod test there is a 
considerable variation in energy absorbed from one specimen to 
another, sometimes as high as +18 per cent. This in spite of 
the fact that the percentage absorption for one specimen struck 
lightly varies only +6 per cent. Changes in clamping pressure 
seemed responsible to only a small extent. 

In view of these findings, the energy lost by the pendulum, 
corrected for the end effect, has no absolute or comparative 
significance in either of the impact tests. The energy absorbed 
gives the correct answer, but even this is unsatisfactory in the 
Izod test because of its variability. A new test to replace 
the Izod test is suggested later in this paper. 

There are certain disagreements in Table 4, as yet unexplained, 
between the energy absorption at fracture and that under a 
light blow. Thisis so when the filler is fabric, kraft, or floc. 

Theory of Energy Absorption. It has been established that the 
energy absorbed by a specimen is only a part of that applied 
by the impact hammer. A reasonable assumption is that 
the remainder is lost by absorption in the impact machine. The 
system comprising the machine and specimen may then be com- 
pared to two elastic springs and the energy absorption should 
follow a certain pattern. An ideal system is illustrated in Fig. 5 


1 
= —bhLE@ 
U = 5, bhLE « 


Energy apelce varied from 0.1 to 0.22 ft-lb; corresponding velocities of impact being 2 and 3 


TABLE 4 ENERGY ABSORPTION IN IZOD MACHINE 


Measured Calculated 
energy energy 
; Modulus, £ absorption, absorption,® 
Material b h psi X 107% per cent per cent 
Buiow InsuFFIciENT TO BREAKS 

Unnotched 
BIM=O2 Ite ecoea, 0.50 0.50 1.25 26 262 
BM-13080....... 0.50 0.50 1.07 23 29 
BM-3510 0.50 0.50 1.90 26 19 
BM-262 0.50 0.50 4.7 21 9 
Steel. ..... 0.50 0.50 29.5 12 1.5 
Cast iron.. 0.375 0.375 10.5 36 11 
BM-3510 
BM-13080 0.49 0.25 Table 2 33-36 62-72 
BM-6260 }...... 

Notched 
BM-1914........ 6.5) 5 1.69 21 21 
BM-3510........ 0.5 0.5 1.90 25 19 
BM-13080....... 0.5 5 1.15 25 29 

Biow To BrREeaK® 

Unnotched 
BM-021 we oac-s = 0.50 0.50 1.25 25 26 
IBM=262.. caret o- 0.50 0.50 4.7 17 9 
BM-1914........0.50 0.50 1.69 24 21 
BM-13080....... 0.50 0.50 1.07 24 29 
BM-3510........0.50 0.50 1.90 124 19 

Notched 
BM-021.........0.50 0.50 1.25 22 26 
BM-1914........ 0.50 0.50 1.69 12 21 
BM-13080....... 0.50 0.50 1.07 14 29 


2 Calculated absorption based on BM-021 as explained in text. 

+ Applied energy varied from 0.098 to 0.39 ft-lb, and velocity of impact 
from 2.5 to 5 fps. 

© Velocity of impact varied from 7 to 11.3 fps, except that it was 3 to 4 
fps from BM-262. 

@ This is the only material broken in Table 4 that exhibits any ductility 
near fracture. A gage outside the region, near the clamp, of high strain will 
not reflect this slight ductility so that tue energy absorption is low. 


in which a falling weight (the pendulum) drops onto a pan at- 
tached to the springs representing the machine and the specimen. 
An analysis can be made on the following assumptions: (a) 
No damping in any components; (b) no loss of energy from the 
system, e.g., through the machine spring to the rigid foundation 
to which it is attached; (c) both springs weightless and elastic; 
(d) displacement of the springs during impact is small compared 
with the height of fall of the weight. 

At any time during impact the force P, exerted by the falling 
weight is the same for each spring, and with spring deflections 
yn and yg and spring constants Ky, and Kg is given as 


P = Kyyu = Ksys = Kyu + Ys) 


where K = spring constant for total system. 
When the strain in the specimen reaches a maximum all the 
energy Uo, of the pendulum is given up to the springs, i.e. 


1/2 K (yu’ + ys’)? 


Uy = Ug t+ Ung = 2/2K yu”? + 1/2 Kgys” 


where the primes denote maximum deflections. This is true for 
nonfracture, and for fracture where end effects are eliminated. 
Therefore from Equations [8] and [7] 
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MACHINE 


SPECIMEN 


Fig. 5 Ippat Impact System 


Ug Ksys” TAS LE K 9) 
Uo = K ly’ + y's}? K 52 Ou ee 


Now from Equation [7] also 
Ksk 
Kia 
Ky + Ks 
and on substitution in Equation [9] 
Us Ky 
Uy Ky t+ Ks 


Note that Ug/Up is the ratio of the energy absorbed by the speci- 
men to that applied by the hammer. 

By definition, the spring constant of the specimen Ks is equal 
to P/yg and for the beam (Charpy) type of specimen the ratio is 
given by Equation [1] 


PL 3h? 
Vs = al a e) PR eee {1] 
or 
here 2 A4EbhS 


Ebh’ 
Ks = ma [12] 
4L8 (: + 
Now let these equations be applied in practice. For the 


Charpy machine Ug/Uo = 0.36 for BM-021 when L = 2?/;¢ in., 
b = 0.50 in., h = 0.50 in., H = 1.25 X 10°. Hence Ks for BM- 
021 in this instance is 3.01 X 104 lb per in.; Ay, can then be 
calculated from Equation [11] as 1.69 X 10¢ lb per in. 

With these facts it is possible to predict the absorption that 
will be exhibited by any other bar of any dimensions and modulus 
and at any span. The procedure is to calculate Ks from Equa- 
tion [11] and then compute the absorption Us/Uo, from the rela- 
tionship. 
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Us __:1.69 108 
Us 1.69 X 104+ Kz 


Table 3 illustrates a fair agreement between calculated and 
measured absorptions. The correlation is poorest with the 
materials of higher modulus, BM-262 and cast iron. 

’ With the Izod machine Us/U) = 0.26 for BM-021 unnotched 
having 6"= 0.50 in., ‘h = 0.50'm., # = 1.25 < 10° psi, L = 
0.866 in. Kg calculated from Equation [12] is 2.26 < 10*lb per 
in., so that Ky, from Equation [10] is 0.80 X 10‘lb perin. The 
energy absorption can be predicted in a manner already outlined 
for the Charpy machine. There is generally a wider difference 
between the actual and the predicted values than in the Charpy 
machine, especially when the specimen constant Kg, is high 
(BM-262, steel and cast iron) or low (1/2 X !/s-in. materials). 

The analogy of the system to two springs emphasizes that 
the low energy absorption is not some mysterious attribute of 
impact testing but arises simply because the machine constant 
Ky, is too small. Low energy absorption can equally well be 
observed in a flexural test but the usual testing machine is mas- 
sive enough to make energy absorption practically 100 per cent. 

The results for steel and cast iron are good only for small im- 
pact loadings in the elastic range, and the figures are no criterion 
of tests carried to ductile yielding or to failure. From the spring 
analogy one might conclude that in the ductile region the en- 
ergy absorption would be nearly 100 per cent because there the 
specimen constant Kg, is low in keeping with the effective “‘modu- 
lus’’ in the ductile range. 


Impact Energy Versus Span in a Drop-Weight Machine. From 
Equation [10] the energy of the falling weight U> is 
Us=Us (1+ S (10) 
ny s Ky oS a) TST Se 


When Us is just sufficient to break the specimen at a given strain 
e, the energy Us, taken by the specimen, is 


Uy = Leone 143%) S 
s 216 € L Sim pelea ne eae Oo 
and as 
4Ebh3 
Ke ay 2 SNe Mahe [11] 
Ls ( 43 sa) 
h? 4Ebh3 
Uo = 5g tbo (1 +375) 1+ 
L’Ky (: ee x) 
lem beh [13] 


If the breaking strain e, is considered constant it is easy to demon- 
strate that a plot of Up versus span LZ goes through a minimum 
either by plotting values or differentiating a simplified expression 
with h?/L? = 0. In the latter instance the span-depth ratio at 
the minimum L/h is 
L 
BWV [14] 


The effect of the depth of specimen h on the location of the mini- 
mum is elegantly illustrated by Fig. 6. For span-depth ratios 
higher than the minimum value the energy absorption soon 
reaches 100 per cent, as required by Equations [10] and [11], and 
the dynamic curve becomes a straight line. The absorption - 
for the static curve is, of course, always close to 100 per cent. 

In its linear region the dynamic curve lies well above the static, 


WELCH, QUACKENBOS, JR.—RELATION BETWEEN IMPACT AND FLEXURAL TESTS FOR MOLDED PLASTICS 553 


ENERGY TO BREAK, FT-L&S 


ie) 1 2 3 4 Ss 


SPAN, INCHES 


Fic. 6 Erect or Span on Enercy To Break ror BM-13080 
(Dynamic test in drop-weight machine; static test in Amsler 60,000-lb 


testing machine.) 

suggesting that the breaking stress is considerably elevated in 
impact loading. Measurement of dynamic strain in the drop- 
weight machine did not confirm this suggestion. In fact dynamic 
and static breaking stresses were equal and the energy absorp- 
tion reached not 100 per cent but only a steady 70 per cent. Pre- 
sumably the loss isin damping in the rather “dead” concrete base. 
The existence of damping losses distorts this analogy of the 
impact system to two elastic springs but probably not too seri- 

ously if such losses remain constant with span. 
- *« 


Further Conclusions From Spring Analogy. The connection 
between displacement y, and time ¢, for the two springs is de- 
scribed by 


Time of impact f, from the moment the pendulum strikes 
the specimen until the moment at which it leaves the specimen 
on the rebound for a blow insufficient to fracture is, from Equation 


[16] 
. th ee YD 


This time, as required by Equation [17] and established by experi- 
ment, is independent of the velocity and energy of impact pro- 
vided that the specimen does not fracture. When the Izod 
hammer weighs 1 lb and Kg = 2.26 X 104 lb per in. (BM-021, 
b =0.5in., kh = 0.5in., H = 1.25 X 10° psi) and Ky, (Izod) = 
0.80 X 104 lb per in. 


K = KsKy/(Ks + Km) (from Equation [7]) = 0.59 ; 
> 104 lb per in. 


Hence t; = 2.1 millisec. 

Strain-time photographs establish a mean for t; of 1.7 millisee 
for BM-021 and similar materials like BM-1914 and BM-13080. 
Fig. 7 shows sample photographs. The strain-time curves are 
often of a faintly saw-tooth outline, showing that the hammer 
momentarily loses contact with the specimen, which then starts 
to return to the initial undeformed position until the hammer 
overtakes it again. The slight oscillations dying away, in Fig. 7, 


Fic. 7 Srratn-Time RELATIONS FOR NonrractTure Impact 1n Iz0p MACHINE 
(BM-13080, left, 1/2 X 3/2in. notched, and cast iron, right, 3/s)X 3/sin. unnotched.) 
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arise because after the hammer has rebounded the specimen 
continues to vibrate feebly at its natural frequency. 

When impact is violent enough to cause fracture the time of 
impact evidently must fall as the velocity of the striker is raised 
more and more. This is confirmed by photographs which re- 
semble Fig. 7 except that the trace breaks off when the peak is 
reached. 

When the limiting conditions: t = 0, y = 0, dy/dx = w are 
applied to Equation [16] to evaluate the constants, it becomes 


The maximum value of y is when 
sin-VK/M t = 1or VK/Mt = x/2 


then 


The force P, at this point is given by 


Py = Ky =» VMK =%M ~ gt ey Ape [20] 
1 
where ¢, is the time of total nonfracture impact. Fig. 8 demon- 


strates that Pp is linear in 1/t,; Po was calculated from readings 
of strain by the orthodox formula. 


IMPACT VELOCITY = 2.4 FT/SEC 


u" ae 
@ £x+ MOLDING MATERIALS 


O £x% MOLDING MATERIALS 
@ #x# cast IRON 
© Exk STEEL 


0.5 LO Ls 
Yt, , 1](sECs x 10%) 


Fic. 8 Maximum Force 1n Pounps Po, DrveLopep DuRING 

Impact AGAINST SPECIMEN AS FuNCTION oF ToTaL Time oF Non- 

FRACTURE Impact For Constant HamMMeR ENERGY In Izop Ma- 
CHINE 


Limitations to Spring Analogy. The comparison of the impact 
system to two springs has allowed a successful interpretation of 
the experimental results in the following respects: (a) The 
effect of span, modulus, and dimensions on the per cent energy 
absorption in the Charpy machine; (b) the time of impact and 
its relation to maximum force; (c) the existence of a minimum 
in the curve of impact energy versus span in the drop-weight 
machine. 4 
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Deficiencies in the theory have appeared in the differences be- 
tween results and predictions for the materials of higher modulus 
in both machines and for all materials in the Izod tester. 

It is possible that these defects are connected with the as- 
sumption that the energy applied by the striker, divided between 
the specimen and the machine, is completely recovered on re- 
bound, that is, that 

Uo —— Us + Uy 
Actually this is never so with the Izod machine. The energy 
recovered, judged by the rebound of the pendulum, is as low as 
45 per cent for a steel specimen. The energy not accounted for 
is probably lost by damping in the machine and its foundations. 
The magnitude of damping losses has already been discussed for 
the drop-weight machine. 

The machine losses probably depend largely upon the machine 
itself and not too much on its attachment to a foundation, pro- 
vided that the attachment is fairly rigid. It is possible that the 
nature of the foundation may have a marked effect on damping 
losses so that the Izod value indicated by the machine may de- 
pend upon its location. 

Dynamic Breaking Strain. A specimen deforms into ex- 
actly the same shape as demonstrated by the distribution of 
strain, whether the loading is gradual or dynamic. Further, 
there is a close agreement between the dynamic and static moduli. 
So much has been proved. 

In regard to breaking strain, sufficient results are not available 
for a final judgment. For velocities of impact up to 11 fps, it is 
tentatively concluded that the dynamic and static breaking 
strains do not differ by more than 10 per cent for the common 
phenolic molding materials. If this conclusion is firmly estab- 
lished it will follow that impact loading in the orthodox ma- 
chines is, when properly analyzed, practically no different from 
flexural loading. This possible consequence opens up attrac- 
tive vistas of simplification. The energy absorbed by the speci- 
men in impact is incomparably more significant than the ortho- 
dox Izod and Charpy values. However, there are the objections 
that the end effect is not easily eliminated and the use of electronic 
strain equipment is undesirable for general testing. Thesimple 
alternative is to use the area under the flexural curve as the 

real impact energy. The flexural bar may be notched or un- 
notched according to the geometry of the molded object to 
which the results are to be applied. 

The use of flexural energy brings out a very important point 
which has been concealed by the false results of the Izod test. 
Most common molding materials possess nearly the same lnear 
load-deflection curve in flexure with nearly equal values of modu- 
lus of elasticity and of flexural strength. The unnotched impact 
strength is then almost constant. When there is a notch the 
impact strength is decided by the notch sensitivity, which is a 
measure of the ability of a material to withstand the weakening 
effect of stress concentration. Here the materials begin to show 
a wide range of real impact strength simply because notch sensi- 
tivity varies so much with the filler used (16). 

Consequently, the ‘‘high-impact”’ materials, which have high 
Izod values, are of special value only when the molded object 
contains sharp notches or their equivalents; and their superiority 
over other molding materials almost vanishes when notches are 
eliminated by careful design and when they are not formed during 
service. 

From considerations of notch sensitivity, the standard notched- 
bar impact tests, faulty as they are, have a much greater 
power of differentiating between molding materials than the 
orthodox tensile and flexural tests for which the specimen is not 
notched. ; 
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The effect of not only a notch but of modulus of elasticity, 
flexural strength, and ductility on resistance to impact is brought 
out clearly by the use of flexural energy. 


CoNCLUSIONS 


The following conclusions are based on molded thermo- 
setting plastics and certain thermoplastics: 

Stress-Strain Diagram. The static and dynamic stress-strain 
diagrams are essentially identical, differing primarily only in the 
magnitude of breaking stress. 

Strength. The dynamic breaking stress or strength is slightly 
elevated over the static flexural strength by approximately 10 
per cent, resulting from the very high rate of loading. This 
is in agreement with previous data on the rate-of-loading effect 
as determined by other investigators. 

Modulus of Elasticity. No perceptible variation in the modulus 
of elasticity is encountered under dynamic stressing compared 
with static loading. 

Energy Distribution. In the static flexural test the energy 
absorption by the specimen is virtually 100 per cent. In the 
standard impact tests the energy absorption by the specimen 
varies from 10 to 50 per cent of the indicated energy loss of the 
pendulum. The remainder of the energy is lost in the machine 
and in kinetic energy of the broken parts of the specimen. 

Notch Sensitivity. The ability of the standard notched-bar 
impact tests to differentiate between materials of like tensile- 
and flexural-strength properties is primarily due to the large 
variation in notch sensitivity in these materials. 

Static Flexural Test. Static-flexural-test techniques em- 
‘ployed to evaluate the energy of fracture and notch sensitivity 
for molded thermosetting plastics are concluded to be suf- 
ficient for predicting the service characteristics of such materials 
under both static and impact loading. 

Theory. The theoretical concepts developed are not restricted 
to the testing of plastics but may be applied to the testing of met- 
als and all other materials of construction. 


Appendix 


Izod and Charpy Energies at Low Swings. When the pendu- 
lum is released from a lower point than that for which the ma- 
chine is calibrated, the energy is deduced from the scale reading 
(position to which pointer is carried by pendulum) for a free swing 
without any specimen in the vise. For example, for a 2-f{t-lb 
machine having a velocity of impact of 11.3 fps: 


Free swing, usual position, pointer carried = 0.060 ft-lb 

Above repeated, pointer carried from 0.060 = 0.082 

Therefore windage correction, full swing = 0.032 

Windage correction, half-swing = 0.016 

From lowered position, free swing, pointer carried = 1.381 

For this reading after a specimen broke, correction to be sub- 
tracted is 0.036, according to calibration by manufacturer. 

It can be shown, then, that energy at impact for free swing of 
1.381 is 


1.984 — 1.381 + 0.036 = 0.639 ft-lb 
ae 0. 
Velocity? at impact = 1.084 eee 


or 

Velocity = 6.4 fps 

If specimen breaks when struck from lowered position and 
swing-through after fracture is to 1.945, then impact strength, 
i.e. 


Energy loss of pendulum = 1.945 — correction for 1.945 
— (1.381 — 0.036) 
= 0.577 ft-lb 


Dynamic-Strain Circuit. The entire strain circuit is illus- 
trated in Fig. 9. Normally the measuring strain gage Gas 
switched in, and the calibrating circuit is out. When the speci- 
men is subjected to an impact strain the condenser allows only 
the voltage change to pass to the amplifier and to the oscillo- 
graph. With the strains measured, varying from 0.1 to 1 per 
cent, the extra amplifier A, is needed to supplement that already 
embodied in the oscillograph (Dumont, Model 208). The ampli- 
fier A is essentially identical to that of the second and third 
stages of the Y-axis amplifier of Model 208. Its chief virtue is the 
possession of a constant amplitude gain over a wide frequency 
range (60 to 10,000 cycles per sec). 


FALLING HAMMER 6 POLE SWITCH 


Cc SR-hy 


3 VOLTS 


pane 
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tes ° 
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Fic. 9 DyNamic-STRAIN Circuir 


SWITCH 
TIME DELAY é 
g¢ SWEEP 

INITIATOR 


When dynamic strain only is to be measured, the basic circuit, 
alone, comprising gages, amplifier, and oscillograph, is used. 
The oscillograph beam is narrowed to a spot, and the displace- 
ment on impact is estimated by eye. The screen is calibrated 
frequently by switching out the measuring gage and bringing in 
the calibrating circuit. When the microswitch S (normally 
closed), is opened by hand, an additional small resistance 2 is 
suddenly introduced and displaces the spot of the oscillograph. 
The value of this resistance & in terms of strain is determined as 
the difference in two readings when the calibrating circuit is at- 
tached to an SR-4 strain meter with the microswitch held steady 
closed and steady open. 

Two additional circuits are added when strain-time relations 
are to be established, i.e., the oscillator circuit and the time-delay 
and sweep-initiating circuit. The latter device operates in the 
following fashion: 

Initially the spot is off the screen. During its fall the hammer 
breaks a circuit which, after an adjusted time delay, causes the 
spot to sweep across the screen at a known rate. The sweep is in 
the center of the screen when the hammer striking the specimen 
superimposes a vertical strain displacement on the horizontal 
travel. The result is a record of the type shown in Fig. 7. The 
single horizontal sweep across the screen is secured by means of a 
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multivibrator ‘circuit. With proper measures the velocity of 
sweep across the screen can be made constant throughout the 
travel. The time-delay device is a modified multivibrator in 
which one of the plate-grid connections is purely resistive. The 
tube containing this plate becomes nonconducting when the 
circuit receives a pulse on being broken by the falling hammer. 
Conduction through this tube to the sweep initiator is not re- 
established until there is a leak of charge from the grid to ground. 
The rate of leak can be varied by changing the capacity of the 
capacitive grid-plate connection. 

After the strain-time relations are determined the oscillator 
circuit is brought in to determine the sweep rate. A sinusoidal 
vibration of 1000 cycles per sec is superimposed on the sweep 
across the screen so that a photograph gives a calibration of the 
horizontal axis in terms of time. The oscillator is of the resist- 
ance-capacity tuned feedback type. 

When natural frequencies of vibration were being measured 
the external sweep initiator was eliminated and replaced by the 
built-in sweep circuit of the Dumont oscilloscope. This allowed 
a record of the type shown in Fig. 1 when the specimen was 
struck, and a calibration of the X-axis in terms of time when the 
oscillator was brought in. 
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| Data From Activity-Recording Instruments 
Applied to Textile Machinery 


By C. S. PARSONS,! NEW BEDFORD, MASS. 


The author advocates the adoption of activity recorders 
in the analysis of production machinery operations widely 
throughout the textile industry, as ameans of achievingim- 
proved performance and lowered costs. After describing 
the several types of equipment and their applications to 
the study of textile-machine operations, the paper explains 
the procedure followed in analyzing the data recorded. 


Al 


Usr or Macuinery-Activity RECORDERS 


HE textile industry in general has not recognized the ad- 
vantages of obtaining graphically data regarding machinery 
operations. There are four explanations for this as follows: 


1 Low costs of labor and machinery compared with other 


industries. 

2 In general, many productive units per machine operator. 

3 Much engineering has been done by consultants, and the 
installation of this equipment for limited observations is ex- 
pensive. 

4 Nature of the machine does not readily lend itself to 
adapting the instruments. 


With increased manufacturing costs, the use of machine- 
activity recorders becomes of much greater importance than 
formerly. 

Wages have risen to new peaks and reduced costs must be 
realized through the more efficient use of manpower. Prices for 
machinery are also higher today, due not only to the increased 
cost of building the equipment but also because of the higher 
speeds, resulting in the necessity for better machining and closer 
tolerances. 

The description which follows will show methods for analysis of 
machinery operations that will assist in reducing production costs. 


EXAMPLES OF APPLICATION 


The use of recorders in studying weaving will serve as an 
illustration for this discussion. However, for mills that are not 
primarily interested in weaving, three of many other possible 
applications will be mentioned: 

1 For cloth-finishing processes, the analysis of operation time 
will serve as a record of machinery utilization, as well as uniform- 
ity of cycle times for control of quality. 

2 Another example of an indirect installation is that ‘of the 
standard makes of regain controls, Fig. 1, which record the mois- 
ture remaining in the yarn after drying. When the sizing 
machine is stopped the instrument registers zero, As a result, 
data are available for the frequency of machine stops, time lost 
by the machine at the beginning of the work day, cleaning, or 
other reasons. In this operation the machine investment and 
wages for labor are comparatively high and the machinery 
efficiency is low due to fixed setup times. 


1 Superintendent, Hathaway Manufacturing Company. Mem. 
A.S.M.E. 

Contributed by the Textile Division and presented at the Annual 
Meeting, New York, N. Y., Nov. 26-29, 1945, of THe AMPRICAN 
Socipty or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


or 


1 Tyrer or REGAIN CONTROLLER 


Fie. 


3 Roving frames serve as an interesting example since many 
mills are installing new long-draft machinery to reduce the num- 
ber of operations. The greatest causes of lost efficiency are end 
breakage, doffing, and creeling. In conjunction with conven- 
tional time studies, graphic recorders assist in the analy- 
sis of roving-frame operations for frequency of occurrence and 
time spent by the operator on the machine, as well as the time 
that the frame is not receiving the attention of the operator. 
This last down time includes the time when more than one of the 
tender’s frames are stopped simultaneously. 


DESCRIPTION OF RECORDERS 


Recording wattmeters, Fig. 2, may be used for obtaining data 
on one or more machines according to the electrical drive. How- 
ever, their use is somewhat limited due to variable conditions 
in a group of machines and interpretation of average data. 

Before considering the advantages of the use of instruments 
for loom studies, a brief description will be given of the design of 
recorders that are intended for machine activity only. 

There are two common types of recorders and their selection 
will depend on the following factors: 


(a) Permanency of the installation of the machine or instru- 
ment. 

(b) Flexibility for use on other machines. 

(c) Accuracy with which charts can be read. 

(d) Ease in comparison of records from various machines to be 
studied. 

(e) Availability of charts during study. 

(f) Original cost of recorders per machine to be studied. 

(g) Installation cost of instruments. 

(h) Maintenance costs of charts. 


For simplicity, the two types for looms will be identified as 
mechanical and electrical. 

The mechanical type is clamped or bolted to the loom and any 
mechanical motion that will move or swing the pendulum 
located within the device will also move the stylus and make a 
record on the chart. In use, the recorder case is| closed so that 
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the stylus marks the chart only during the time when the pendu- 
lum is put in motion by the working activity of the machinery to 
which the recorder has been attached. The circular charts used 
on this device are 4 in. or 6 in. diam and are designed for 1, 3, or 
7-day operation. 

The electrical type (Fig. 3 for example) is manufactured by at 
least two different companies. It is beyond the present purposes 
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to make comparisons of the differences in design. The following 
description will be limited, therefore, to one maker’s design, Fig. 
4. This particular instrument is built for blocks of twenty 
machines and records their production on a continuous running 
chart with the records of each machine spaced about 1/4 in. apart. 
The electrical type may have a mechanical clock mechanism, but 
the operation of the machine is transmitted to the recorder by 
means of an electrical switch connected to the shipper mechanism 
or photronic equipment. 

When the productive machine is in operation an electromagnet 
raises the pen about 0.1 in. above the base line. When the 
machine is stopped, the electric current stops and the pen re- 
turns to its normal position. The chart is fed through the 
machine so that previously printed horizontal lines spaced 0.1 in. 
apart normally designate 1 or 2 min according to the type selected. 


APPLICATION TO A Loom 


On a loom with an electrical stop motion the current is shut off 
when the loom stops. This switch is then used for operating the 


Fie. 3 One Typr or ELvectricat RECORDER 


Fie. 4 Twenry-Ppen Macuine-Activiry RecorpER 
(All of the electromagnets of a twenty-pen operation recorder are mounted on a single plate, but each is removable as a unit. 
Tilting the scale plate automatically lifts all twenty pens of the operation recorder to allow easy threading of the chart.) 
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pen of the recorder for indicating the stoppage for all causes. 
However, it is possible to cut into the wiring of the electrical stop 
motion and indicate on another pen the warp stoppage. A de- 
vice could be arranged so that the filling-detector mechanism 
would actuate a third pen. Thus on one third the number of 
looms as might be otherwise studied, an analysis could be made 
of total stoppage, filling and warp stoppage, and by deduction, 
all other causes. The records would then conform with current 
practice of observing three major classifications of loom stoppage. 


EXPLANATION OF CHART 


One of the first impressions obtained in observing a chart such 
as Fig. 5, is the great variation from loom to loom even on the 
same cloth construction. This is readily apparent to those who 
are not acquainted with time-study analysis. The activity of the 
looms is more effectively shown by graphs than by figures, as is 
true of graphic presentation of such data. 
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Some engineers record operations in the sequence of their 
occurrence, which requires considerable clerical work in the 
summation of the data to follow the activity of any one particular 
machine. In contrast, some time-study observers record their 
findings directly according to the machine, irrespective of actual 
sequence. Asa result, ina 4-hr study, considerable trouble may 
occur in a brief period, for example, in 1/2 hr, and for the remain- 
ing seven eighths or 31/2 hr of the test the performance might be 
normal. Such instances are clearly seen by the use of graphic 
recorders. 

Further examination of Fig. 5 shows that the machine numbers 
are across the line on the top of the page. One hour has been 
taken to illustrate this chart. There are 60 horizontal lines with 
12 heavy lines representing 5-min intervals, as shown on the ex- 
treme left-hand margin. It will be seen that loom No. 3 was 
stopped for 4 min from 7:33 to 7:37. 

Beneath the chart are the total stops for each loom for the hour 
and the total number of minutes stopped. 
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The efficiency of each loom can be readily calculated from the 
minutes of lost production. 

By adding across each minute line, as shown in the right-hand 
column, data may be obtained on the number of looms stopped 
during each minute. 

This twenty-pen machine-activity recorder, Fig. 4, makes 
graphic records of the production of twenty machines at one time. 
By suitable electrical connections to the starting or knockoff 
mechanism of the machine it is possible to determine the follow- 
ing: 


Number of stops. 

Duration of stops. 

Frequency of stops for any period. 

The number of machines stopped at any given period. 
The amount of down time for that period. 


oPrWwWN rH 


This machine will give a graphical record of the quantitative 
analysis of the production and, if customary time studies are made 
in conjunction with it, there should be an accurate analysis which 
could not be obtained by other means. It is recognized that a 
complete analysis of any problem should contain quantitative 
and qualitative studies. For the work in textile mills the cause 
of machine stoppage is of secondary importance if the frequency 
can be accurately obtained, since if there is not a large amount of 
machine stoppage, the causes are not of great importance. Fre- 
quently it may be necessary to make a special analysis of the 
production of the machinery in order to determine the cause of 
machinery being stopped. This device will not give an accurate 
unit time that the operator spends in starting the machine in all 
cases, inasmuch as the machine will be stopped automatically in 
most cases and as a result, the down time of the machine will in- 
clude: 


(a) Time spent by the operator arriving at the machine. 

(b) Time spent by the operator working to get the machine in 
operation. 

(c) Actually starting the machine. 
In most cases, such as weaving, the last two factors are very 
closely related and for most practical purposes can be combined. 


*Werxkiy VARIATIONS Per MacHINE 


In order to determine the operation of one style a chart has 
been made from data obtained with the electrical recorder. In 
Fig. 6 is shown the analysis of the stops per loom-hour from ten 
looms operating $1 hrin 1 week. Loom No. 11 had an average of 
3.04 stops per loom per hr, and an efficiency of 77.1 per cent. 
Loom No. 17 showed much less stoppage and operated at 90 per 
cent efficiency. 

The test was operated for only 5 hr on the first shift Monday, 
8 hr on the second shift that day. On Tuesday the results of 7 
and &-hr shifts are shown. It is interesting to observe that loom 
No. 12 operated at more nearly normal efficiency and although 
it ran poorly Thursday morning, it ran well the last of the week. 


VARIATIONS PER MacHINE 


Fig. 7 shows a probability curve of the variation in stops per 
hour. From this graph it is apparent that 21 per cent of the 
stops per loom per hour will be the average for the total test. 
Likewise, 71/2 per cent will vary approximately 30 per cent below 
or above the average and 10 per cent of the stoppage will be 
approximately 25 per cent higher or lower than average. 

Similar data were obtained and analyzed for an entirely differ- 
ent cloth construction. In this case 32 per cent of the stoppages 
were average instead of 21 per cent. Approximately 8 per cent 
of the recorded stoppages varied 30 per cent above or below the 
mean. 
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Fic. 7 VartaTIon in Srops per Loom ppr Hour 
(Average 20 looms; continuous testing for 81 hr.) 


These data are of interest in selecting a representative test 
when conventional time studies are made. 


Srors Per Hour Versus Unir Times 


Fig. 8 shows the relationship between stops per loom-hour and 
weaving efficiency from a 50-hr study of twenty looms. Un- 
fortunately, this relationship is not always recognized and 
the values do not closely correspond since (1) the elemental time 
values will vary according to the nature of the stop, and (2) the 
weaver is not always immediately available to start the loom. 


Srors Psr Waver AND PRopuction EFFicinncy 


If the recording instruments are to be used for weavers’ work 
assignment, it will be interesting to examine Fig. 9, an analysis 
of stops per weaver per hour. In the upper half of this chart is 
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the hourly fluctuation in weaving efficiency of twenty looms for 
two shifts operating one week. 

In the lower half of this figure is the variation in stops per loom- 
hour. The best shift performance was on the first shift Friday. 
No third shift was in operation and yet the looms ran well the 
first hour in spite of their being stopped. It is apparent that a 
test for only a few hours on one day probably would not give 
representative data. 


MAacHINE INTERFERENCE 


Published material on time studies contains very little regard- 
ing the problems resulting from multiple machine jobs. As was 
previously mentioned, the number of looms stopped at one time 
is a limiting factor of machine efficiency. An automatic loom 
has stop motions which operate when a yarn breaks or certain 
mechanical parts are not in correct adjustment. When all looms 
are in operation the weavers’ duties are limited to inspection and 
afew minor tasks. Therefore the measurement of the amount of 
time when a varying number of looms are stopped is of great im- 
portance. To obtain these data by personal observation is diffi- 
cult when a large number of looms is tended by one weaver. 
However, the electrical recorder makes an ideal record which not 
only makes the data easily obtainable but also shows graphically 
when abnormally poor conditions occur. 


INTERFERENCE TIME 


Interference time, as previously mentioned, occurs when more 
than one machine is stopped and the operator is able to work on 
only one machine at a time. For example, assume an operator is 
assigned four machines; at certain periods all machines may be 
running; then one stops, and he works on that machine. Thena 
second machine may stop before the other machine has been put 
back in operation and interference time occurs. The amount of 
lost time for this reason will depend on the following: 


1 The machine setup time. 
2 Number of machines per operator. 


3 Average time to start one machine. 

4 Frequency with which the machine stops. 

5 The number of other employees that may assist in the 
operation of the same machines and the amount of their time. 


In order to measure interference time, formulas have been set 
up by several engineers, but as yet there is none that has been 
generally accepted. This is unquestionably due to the difficulty 
in obtaining the data for proving the formulas. The present pur- 
pose is to show that with the use of activity recorders the desired 
information can be readily obtained, and that unless sufficient 
data are accumulated, erroneous deductions may result. In 
order to appreciate the importance of interference time it should 
be mentioned that in a recent weavers’ arbitration an allowance 
in earnings of 71/2 per cent was claimed. 


EXAMPLE OF INTERFERENCE 


An actual example of loom-stoppage tests to illustrate the im- 
portance of the problem is given in Fig. 10. Conventional time 
studies were made simultaneously with the activity recorder dur- 
ing 4-hr periods. Two of these tests were chosen showing the 
effect of the weaver on the production. In the case of weaver A, 
88 per cent efficiency was obtained, and weaver B, working on the 
same job on the second shift, obtained 95 per cent efficiency. 
Each of the first four curves represents one hour’s work of weaver A. 

These graphical records analyze the number of looms stopped 
at 1/2-min intervals. In the top curve, for instance, it is seen 
that at the start of the test all looms were running; 1/2 min later 
one was stopped; and at the end of 1 min three were stopped. 
Four looms had stopped in the first 11/2 min of the test. At the 
end of 5 min all looms were again in operation. After 35 min all 
looms were running for approximately 5 min. 

It is apparent that the four lower curves representing weaver B 
show much better weaving efficiency, since there is less area en- 
closed by the curves above the base line. 

The summary of these tests is shown in Fig. 11. These illus- 
trate that when weaver A ran the looms for 26.5 per cent of the 
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Fig. 10 ANnatysis or Looms StoprepD AND WEAVING EFFICIENCIES 


(Results of eight 1-hr tests. Observations made at 4/2-min intervals.) 


480 observations, no loom was stopped, and 28.3 per cent of this 
time one loom was stopped. In contrast, weaver B with the 
higher efficiency, had all looms in operation 48.1 per cent of 
the time, and only one loom stopped 40 per cent of the time. 

It is believed that these data can be used as a basis for deter- 
mining certain qualifications of the weaver, such as skill, effort, 
etc. 

It should be emphasized that the number of looms stopped at 
one time does not necessarily indicate the running qualities of 
the job, but how the job was operated. The data below Fig. 11 
are significant, namely, 7 per cent less production, 40 per cent 
greater unit time, resulting in much greater time lost and the 
looms not in operation. The interference time in the first case is 
5.2 per cent and 1.2 per cent as shown for weaver B. 

The number of looms that should be assigned to a weaver is 
governed by the frequency of loom stoppage and time spent 
working on such duties. In addition there must be adequate 
allowances for patroling the job, miscellaneous tasks, and per- 
sonal time. The patrol and inspection time frequently estab- 
lished is 20 per cent of the total weaver’s time. Modern quality- 
control methods establish statistical procedures for analyzing the 
frequency of inspection. Today less inspection is required in 
many instances than was formerly practiced. It therefore be- 
comes of greater importance to demonstrate that other work is 
not required of the weaver. The methods just described will 
prove that there is not an excessive number of looms stopped 
requiring work by the weaver. 

Conventional time studies show the amount of time the oper- 
ator is not occupied performing his regular weaving duties to 
keep his machines in operation. When it is found that additional 
work can be performed, the total available time may be divided 
by the number of such time-study readings to obtain an average 
unit time available for other work. This elemental time used 
in conjunction with data regarding the average number of 
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machines stopped at one time, may be of assistance in establishing 
the correct work assignment. 

The data obtained from this recording device accumulate so 
quickly that the need for modern statistical analysis of test data 
soon becomes apparent. By means of such analysis standard 
deviation of data can be obtained. In addition, the adequacy of 
test observations can be calculated. This will unquestionably 
result in establishing new standards for the length of time that 
observations are necessary. Frequently, substantial savings in 
the cost of time-study observations will result. 


CONCLUSIONS 


It is apparent that the following information is readily available 
from the charts: 


1 Frequency of stoppage per hour or any other desired 
period. 
2 Duration of time for each stoppage. 
3 Machine efficiency of any recorded unit or machines for 
any time period of the test. 
4 Comparison of performance of similar machines. 
5 Comparison of the performance with similar products. 
6 A number of machines in one operator’s job can be re- 
corded at one time on one sheet. 
7 Variation in operations: 
(a) per shift. 
(b) comparison of shifts. 
(c) comparison of performance on different days or even 
greater periods. 
8 Starting and stopping time of shift. 
9 Instantaneous records for immediate investigation. 
10 After installation, continuous records at minimum expense. 


Other data were accumulated for further analysis which fre- 
quently are not easily obtainable, such as the following: 


INTERFERENCE TIME 


PER CENT OF TOTAL OBSERVATIONS 
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Weaving Efficiency 88 95 
Stops per Producing Loom Hour 2.4 2 
Average Time per Stop in Minutes +98 
Per Cent of 4 Hours Weaver Spent on Stops 54% 298 
Interference Time (Waiting for Weaver) 5.2% 21; 
Average Number of Looms Stopped When 

Weaver was Available 1.1 +34 
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Weekly variations per machine. 

Variations for similar machines. 

Stops per operator and production efficiency. 
Machine interference. 

Adoption of activity recorders in the analysis of production 
machinery operations will result in improved performance, which 
will automatically reduce costs. The data obtained from these 
instruments will serve for work-load assignments based on ade- 
quate evidence of frequencies of occurrence. _ 
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Discussion 


N. M. Mrrcuett.? The paper obviously has as its objective 
the pointing out of benefits which may be obtained through in- 
telligent use of recording instruments. 

The author discusses his activities in connection with the use 
of the Esterline-Angus unit which has proved so useful to him 


in his own mill-engineering work. He obviously recognizes that 


the data which can be collected by means of this equipment can 
be misleading and actually dangerous if used either after insuffi- 
cient testing to cover truly representative periods, or without due 
consideration of the practical elements, such as types of opera- 
tives, types of fabrics, conditions of machinery, and surrounding 
conditions. 

The crying need in the textile industry today from an engi- 
neering standpoint is the determination of the true value of inter- 
ferences of all types in direct-labor operating activities. The 
type of instruments described by the author comes more nearly 
to providing a means for the correct determination of inter- 
ference than any equipment which has been presented for con- 
sideration to date. The fact that the type of equipment referred 
to is costly and somewhat cumbersome should not deter engi- 
neers from purchasing and using it, because its improvement and 
ultimate meeting of the real need for the industry can come only 
through reasonably wide distribution and use by engineers in the 
various mills. 

There is definite need that the engineering profession recognize 
the fact that publication of information collected in a casual 
manner ean be of far more damage to a mill than would be the case 
if the subject were to be left untouched. The use of recording 
instruments in connection with work-load studies or machine 
studies will unquestionably expand and become general through- 
out the field, providing its early use is not abused, or the in- 
formation reported as a result of its use is not based upon 
incomplete or short-period testing. 

This paper, covering as it does the use of recording instruments, 
furnishes a great deal of valuable background information. It is 
interesting to note the state of operational affairs from the 
standpoint of loom stoppage, recorded in the chart Fig. 5. This 
indicates that the loom stoppages at given intervals throughout 
the study ranged from zero to four. It would be extremely difh- 
cult to establish this fact without this type of recording instru- 
ment. Analysis of this information can serve as a means of 
evaluating interference and its influence on a weaver or operative 

of any type of multiple-machine operations. Without accurate 
means of measuring consecutive and respective stoppages in ma- 
chinery in multiple-load activities, it would be extremely diffi- 
cult to evaluate interference and properly analyze the situation. 

The writer believes there is great need to devote intensive study 
to work-load interference in order to prevent the subject be- 
coming one of mystery and possible misuse in respect to estab- 
lishing work loads and piece rates in the textile industry. There is 
a possibility that the subject may have a harmful psychological 
influence on mill operatives unless it is treated intelligently and 
2 President, Barnes Textile Associates, Inc., Boston, Mass. Mem. 
A.S.M.E. 


resolved into matter-of-fact common-sense usage by mill manage- 
ment. 

The use of recording instruments will unquestionably bring 
about the revelation of substandard mechanical conditions which 
otherwise might pass unnoticed if these conditions had to depend 
only on observations of work-load students, without the use of a 
means for multiple coverage of a job. 

Present-day labor-management conditions make it necessary 
to establish accurate true facts relative to all phases of machine 
operations as well as that for the human being. The writer is of 
the strong opinion that the equipment described in the paper and 
used along the lines obviously applied in the collection of the in- 
formation which was submitted, is very much worth while and its 
use should be encouraged if possible in all mills. 


A. Patmer.? Many mills are faced with problems relating 
to work assignment that can be solved only by scientific methods. 
In many cases time studies and loom-stoppage studies are satis- 
factory. In others they are not, either because they are resented 
by the employees or because they do not give the kind of informa- 
tion that is needed. 

We have been asked by mills recently how loom-stoppage data 
can be obtained without taking time studies. Our reply has 
been to refer them to this paper. 

As the author points out, the time-study data that many of 
us have been taking show the average performance of a set 
of looms. Unless we analyze the data very carefully, we have no 
knowledge of the performance of each individual loom. The re- 
cording instruments used by the author give him not only the 
average picture, but also a clear one of the performance of each 
individual machine. 

Is it possible to use these recording instruments to show the 
causes for loom stoppage? If these instruments can be connected 
to differentiate warp breaks, filling breaks, and miscellaneous 
stoppages from each other, some very desirable information can 
be obtained. 

One problem that, in so far as the writer knows, no one has been 
able to solve satisfactorily is the question of loom interference. 
Years ago Mr. McElroy and various others tried to set up work- 
assignment formulas that took this element into consideration. 
They did exceptionally well with the information that they 
had at their disposal, but they will probably agree, at least in 
some measure, with the writer’s feeling that there still is work to 
be done in this connection by someone who is familiar with 
higher mathematics, particularly with the theory of probability. 

In this connection it seems to me that from the records 
taken by instruments such as the one the author has been using, 
much essential basic data could be obtained. Put into the proper 
hands, these figures should enable someone who knows how to 
supply the necessary mathematical theory to develop a formula 
that would be useful, at least in the case covered by the particular 
records that were used 

Much work of this nature has been done by Dr. Thornton C. 
Fry of the Bell Telephone Laboratories. He has supplied some 
of the mathematical procedures developed for the use of the 
telephone companies to the problem of assigning work loads in 
industry. To the layman his computations appear to be very 
complicated, not only because of the fundamental mathematical 
processes, but also because of the large number of variables that 
he includes. 

In our opinion, Dr. Fry could help the textile industry if that 
industry supplied him with data similar to that which has been 
accumulated by the author. It is believed also that if the textile 
industry indicated to Dr. Fry that a simplified process was re- 


3 Vice-President, Crompton & Knowles Loom Works. Worcester, 
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quired, he might be able to give us a sufficiently complete answer. 
If we know the average length of time during which looms 
stop; if we know the frequency of the occurrences and any other 
data that are pertinent to the loom-stoppage question, isn’t it 
enough to determine what the best number of machines per opera- 
tive is to keep the operator fully occupied but not overburdened, 
and to give the maximum production per loom? 

If the writer understands Dr. Fry’s work, he has included many 
considerations such as the weavers’ wages, overhead expenses, 
and items of that nature, all of which are necessary but which 
seem to complicate the problem at the outset. If we can find out, 
on the basis of the loom-stoppage data, the number of looms that 
an operator should run to give the maximum production per 
loom, then the cost items automatically take care of themselves. 
It is therefore the writer’s suggestion that as soon as the 
author, Mr. McElroy, and others who are doing this work, have 
sufficient data, they consult Dr. Fry to see what he can do with 
them. 


A. N. Swetpon.‘ The advantages accruing from the in- 
formation provided by the use of activity-recording instruments 
seems quite obvious from the paper. The utility of its general 
adoption would appear to justify the cost if the data derived there- 
from become the basis of a careful and continuing analysis; the 
records are accurate, impersonal, visual, and permanent, for 
guidance of both management and operatives. 

There is one deduction that appears possible from the data 
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in Fig. 5, and that is that for this particular example there were 
too many looms per weaver; out of 20 looms there were only 5, 
(looms 1, 4, 7, 138, and 19) that operated continuously throughout 
the hour covered by the record, and the remaining 15 looms 
stopped 26 times and were unproductive for a total of 81 min. 
Consequently the efficiency of these 15 looms was only 90 per 
cent; the stops per loom per hour were 1.7, and the average dura- 
tion of each stop was 5.4 min. Expressed in another way, out 
of these 20 looms, 1.30 looms were stopped for the entire hour. 
For a group of 1000 looms this is equivalent to 65 looms con- 
tinuously idle, if the record for 1 hr is typical of all other hours. 
Since the capital invested in a single loom might be $1500 (in- 
cluding the cost of loom, building, air conditioning, power and 
light wiring, heating, etc.) there would be approximately over 
$100,000 of invested capital totally and always unproductive. 

Fig. 5 also shows that there were only 12 min in the hour, or 
20 per cent of the time, when all 20 looms were running simul- 
taneously, which together with the average duration of stoppage 
of 5.4 min per loom, is strong circumstantial evidence that the 
weaver’s job for this particular situation was too extended, with 
consequent loss in production from the looms’and unproductive 
effort by the weaver. ’ , 

Whether or not the foregoing conclusion is correct, the activity 
recorder presents a reliable device for investigating its validity, 
and as indicated by the chart in Fig. 5, there is nothing gained by 
increasing the looms per weaver beyond the point where loss of 
production, arising from ‘interference time’? becomes the domi- 
nant factor. Incidentally, it does not seem consistent to penalize 
the loom-operative efficiency with interference time just be- 
cause the weaver is not present to run it. 


eee 


Se ——————————— 


Discussion 


In 1945, when there was a ban on national meetings, 
some papers originally scheduled for these meetings were 
presented before local groups. In the case of these papers 
the Committee on publications suspended its rule, which 
requires simultaneous publication of paper and discus- 
sion, and accepted discussion based on the published 


paper. 


Heat Transfer in the Locomotive 
Boiler’ 


F. P. Husron.2. The author presents in this paper a procedure 
for determining the output of any given quality of steam from 
conventional locomotive boilers for given rates of heat release 
and gas production. 

The first part of the computation deals with the transfer of 
heat through radiation to the firebox and combustion surfaces. 
The second part deals with the transfer by convection through 
the walls of the tubes, flues, and superheater pipes. The author 
shows that the results of the computations are in reasonably close 
agreement with test data. 

The variations between the maximum evaporation estimated 
by present methods and the maximum obtained on test, as re- 
ported by the late C. A. Brandt,’ on ten locomotives range from 
47 per cent more evaporation obtained on test over the estimated 
maximum to 14 per cent less. This wide spread is apparently 
due to the rule-of-thumb methods now in use, as exemplified 
by the 55-lb rule, dating back to 1912, as the result of the ‘“Coates- 
ville tests,” or Baldwin’s 80-lb rule. Hither of these figures will 
apply at some low to moderate firing rate, but many locomotives 
are used today at near the maximum steaming capacity where the 
evaporation from the firebox surfaces may approach a rate of 125 
Ib of water per sq ft per hr. 

The author, in presenting the formulas derived from the gener- 
ally accepted fourth-power equation for the transfer by radiation 
in the firebox and the double logarithmic equation for transfer 
by convection in the flues, provides a means to compute the ex- 
pected performance of the present-day conventional boiler to 
greater accuracy and enables a better proportioning to be made 
between the firebox and the flue areas. His contribution should 
prove of great value in studying the influences of changes which 
obviously must be made in the combustion of the fuel and features 
of design to enable steam-locomotive boilers to meet the require- 
ments imposed by the modern trend toward higher steam pres- 
sures, greater demands, higher superheat temperatures, and better 
fuel economy. 


H. S. Vincent.‘ In the opinion of the writer the author’s 
Fig. 5 would be more useful had it been constructed to show the 
temperature of the combustion gases at the rear flue sheet instead 
of a mythical equilibrium temperature. With such data the 


1 By Lawford H. Fry, published in the February, 1946, issue of 
Trans. A.S.M.E., vol. 68, pp. 107-113. 

2 In Charge of Railroad Development, Development and Research 
Division, The International Nickel Company, Inc., New York, N. Y. 
Mem. A.S.M.E. 

3 “The Locomotive Boiler,” by C. A. Brandt, Trans. A.S.M.E., 
vol. 62, 1940, pp. 379-419. 

4 Consulting Engineer, East Harwich, Mass. Mem. A.S.M.E. 


heat absorbed through the walls of the firebox would be given by 
the expression 


TEE, => Jel Mrace hn Soeiraae eae Ee [1] 
where 
= available heat of combustion 
H, = heat in gases at rear tube sheet 
heat absorbed through walls of firebox. 
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The use of the author’s Equation [1] for radiation from com- 
bustion gases cannot be defended, as has been shown conclusively 
by Schack (1),5 Hottel (2), and other investigators. Equation 
[1] of the paper can apply only to radiation from solid fuel where 
the total radiations are normal to the cold surface. To give cor- 
rect results the equation must include a factor allowing for the 
average angle through which the radiating surface ‘‘sees’’ the 
absorbing surface. Hottel (3) has given data for evaluating such 
a factor in cubical furnaces as well as in other types of heat ex- 
changers. In so far as the writer is aware nothing of this charac- 
ter has been worked out for the locomotive furnace. 

About 10 years ago the writer published a series of articles 
(4) on the general subject of heat transfer in the locomotive boiler 
with the particular purpose of determining the proportion of 
available heat taken up by its various components, viz., firebox, 
tubes, and superheater. The data there given were derived from 
62 laboratory tests of nine different types of locomotive boilers. 
The method used in determining heat transfer through the walls of 
the firebox is given by the writer’s Equation [1]. The principal 
chance of error in using this method is from excess air introduced 
through the fire door or above the fire. With automatic-stoker- 
firing, this contingency does not often arise. 

It will be observed from the author’s Fig. 3, especially in the 
series C, that there is excessive fluctuation in the measured tem- 
perature of the gases in the firebox in relation to the rate of firing. 
The reason for this abnormal variation in recorded temperature is 
that only one temperature determination is made for each com- 
plete test whereas for the temperature in the smokebox, as well as 
for all other data, frequent determinations are made. In any 
calculation based upon the firebox temperature it is evident 
that the results will be more logical and accurate if a mean of the 
observed firebox temperatures is taken rather than those actually 
recorded, This was the method pursued by the writer in the 
articles referred to. 

The author has given as criteria his Table 4 and Fig. 5, for es- 
timating the heat transfer through the firebox walls for any 
given locomotive. Using these data, the writer has prepared 
Table 1 of this discussion, for the locomotive series C, for which 
the author includes four tests. The writer’s Table 1 includes 
eleven tests of this locomotive, only two of which coincide with 
tests cited by the author. 

The data for columns 4 and 5 of Table 1 are taken from the 
articles cited and are based upon the Fry (5) method of caleulat- 
ing these quantities. Column 6 gives the equilibrium tempera- 
tures, as established from the author’s Fig. 5, although they do 
not agree with those shown in his Table 3, column 4. Column 7 of 
Table 1 is the so-called “radiation factor,” taken from the au- 
thor’s Table 4, at the appropriate temperature. Column 8 of 
Table 1 gives the heat absorbed through the firebox walls in per 


5 Numbers in parentheses refer to the Bibliography at the end of 
this discussion. 
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TABLE 1 EXPERIMENTAL DATA AND COMPUTED VALUES FOR PERCENTAGE OF AVAILABLE HEAT TRANSMITTED THROUGH 
THE FIREBOX WALLS OF LOCOMOTIVE BOILER SERIES C 


Firing rate Heat available Mixed gas 
lb def for absorption lb per hr 
per sfg btu per sq ft of per sq ft of 

Series Test no. per hr firebox hs firebox hs 
1 2 3 4 5 
Cc 532 67.3 119200 157.5 

539 80.5 136500 185.1 
511 94.4 167200 210.5 
520 105.4 180100 213.0 
§21 108.8 178600 212.5 
530 112.8 194200 241.5 
519 122.0 202000 247.1 
526 128.1 204100 230.0 
531 146.9 224000 272.5 
527 174.6 267000 325.0 
523 231.2 336500 386.0 
Notre: Def = dry coal fired; sfg = square feet of grate area; hs 


cent of the heat available for absorption, using the author’s 
method of calculation. Column 9 gives data similar to those of 
column 8, but calculated in accordance with the writer’s Equa- 
tion [1]. Column 10 shows the difference in percentage between 
columns 8 and 9. This varies from about 3 to 13 per cent and 
indicates to the writer that firebox absorption, as determined by 
the author’s formulations, is too low by this amount. 

In the present state of the art it seems inadvisable to attempt 
to show the exact method by which the available heat reaches the 
firebox walls. This determination must await the patient work of 
investigators who are equipped to take all of the complex elements 
of the problem into consideration. A very great need today is 
for many more laboratory tests of the locomotive with the re- 
sults made available to all who can use them. It seems most fit- 
ting that such tests should be made under the auspices of the 
Federal Government and could well be conducted by the Bureau 
of Standards. It can be said without contradiction that our pres- 
ent knowledge of the thermodynamics of the steam locomotive 
is largely due to the generosity of the Pennsylvania Railroad in 
making available records of tests conducted at their plant 
in Altoona. 
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C. J. Surpy.6 In more recent years the so-called ‘80 Ib 
rule” has been quite generally used by locomotive builders in 
calculating the evaporative values of the boiler direct-heating 
surfaces. The presence of these new and higher values has been 
mentioned by both Johnson and Brandt but Mr. Fry in his paper 
has clearly and pointedly attributed this to high rates of combus- 
tion. Table 3 (columns 3 and 6) of the paper offers abundant 
proof of the existence of a 55 lb-125 lb evaporative range per sq ft 
of direct heating surface, depending upon combustion rates. 

The present work may be viewed as an extension of the au- 
thor’s treatise “A Study of the Locomotive Boiler’ (Simmons- 
Boardman Publishing Corporation, New York, N. Y., 1924) in 
which tables 5, 9, 10, 11, 12, 13, and 14 show exhaustive test re- 
sults forming the original premise of the conclusions set forth 


‘ 6 Assistant to President, The Standard Stoker Company, Inc. 
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Heat absorbed through firebox 


Equilibrium Radiation walls in per cent of heat 
temperature, factor, available for absorption Difference in 
author’s author’s Author’s Writer's columns 8 and 9, 
Fig. 5 Table 4 method method per cent 
6 7 8 9 10 

1810 41600 34.9 48.3 13.4 
1850 44700 32.7 43.9 11.2 
1970 54900 32.9 45.8 12.9 
2040 61700 34.2 46.8 12.6 
2040 61700 34.5 45.9 11.4 
2040 61700 31.7 42.6 10.9 
2060 63700 31.5 42.3 10.8 
2130 71200 34.8 46.0 11.2 
2115 69550 31.1 38.8 rhe 
2160 74600 27.9 35.8 7.9 
2300 92000 27..3 30.1 2.8 


= heating surface. 


there and expanded in the present paper. In this earlier treatise 
the steam produced at the various rates of combustion is equated 
in terms of the total heating surface of the locomotive firebox. 
However, it is clear from this study and the present paper that 
a definite relationship exists between rate of combustion and 
evaporation per square foot of heating surface. 

To locomotive design engineers this paper presents an authori- 
tative exposition of the factors which make the modern high- 
capacity steam locomotive possible. The author should be 
complimented for this further contribution to his studies of the 
locomotive boiler. 


AuTHOR’s CLOSURE 


The author appreciates the comments made by Messrs. Surdy 
and Huston. 

Mr. Vincent’s discussion contains several points of interest. 
The author welcomes comparison between the present paper and 
Mr. Vincent’s extensive and valuable study of heat transfer in 
locomotive boilers (4) published in 1935 which deserves to be 
better known. Mr. Vincent took the results obtained in nine 
series of locomotive tests and by noting the rate of heat release 
in the firebox, the weight of the gases of combustion, and the 
temperature at which they left the firebox, he computed the rate 
at which heat was taken up in the firebox. From this the total 
heat taken up by the boiler could be separated with considerable 
precision into its three components, heat absorbed in firebox, 
heat absorbed in flues and tubes, and heat absorbed in super-- 
heater. In his discussion of the present paper, Mr. Vincent 
points out that his values for heat taken up in the firebox are 
higher than those given in the paper. This is true and further 
consideration of the problem leads to the conclusion that a modi- 
fication should be made of the statement in the paper that “radi- 
ation at the equilibrium temperature corresponds to the heat 
actually taken up by the firebox.’”’ Some correction should be 
made for the fact that the equilibrium temperature is higher than 
the temperature at which the gases leave the firebox. Mr. Vin- 
cent’s figures, which confirm some of the author’s earlier figures 
(5), show that the heat actually taken up by the firebox is larger 
than that computed as radiated by Equation [1] of the paper by 
about 12 per cent at low rates and by about 5 per cent at high 
rates of operation. 

It might be possible to arrange a corrective formula to give 
better correlation between rate of heat transfer in the firebox and 
the radiation at the equilibrium temperature. It is however not 
highly important to determine the exact rate of heat transfer in 
the smokebox. Radiation at the equilibrium temperature gives a 
reasonably good qualitative picture of the distribution of heat 
absorption between the firebox and the flue bundle, and for the 
present attention is directed to the fact that the method as a 
whole gives a remarkably exact procedure for estimating the 
over-all output of locomotive boiler. Mr. Vincent in a private 


pment i ncaa 


ne 


DISCUSSION ; 567 


communication says that he has made a number of checks of the 
method and has found no case in which it deviates from 
the measured results by more than one per cent. 

Rather than strive’for too high a degree of idealistic perfection, 
the author prefers, as stated in the preamble of the paper, to 
work with an admittedly empiric method that produces useful 
practical results. 

Nore: Computed equilibrium temperature for Test 527 Series 
C should be 2120 not 2320. 


Rate of Temperature Change in 
Short-Length Round Timbers’ 


Max Jaxoxs.2 In the paper under discussion one finds sen- 
tences like the following: ‘‘Each curve....was prepared by 
plotting the temperatures for each heating period for the logs of 
different diameters.’”’ These logs are not logarithms, but real 
logs. Unfit for mathematical treatment as they may seem to 
be, the paper subjects them to such treatment. It contains and 
illustrates the solution of the differential equation for simultane- 
ous axial and radial thermal conduction in short cylindrical 
pieces of timber which are suddenly heated and then kept at con- 
stant temperature all over the surface. 

Strange enough, almost the same solution as needed and used 
here in conditioning timber logs was previously needed and de- 
rived for a similar practical purpose, namely, glass cooling, by 
Williamson and Adams.? The author’s solution also includes 
the case of different thermal conductivities in axial and radial 
directions as occurs in timbers; this, however, causes only a 
slight change in the main equation. 

The paper contains a great number of useful graphs, represent- 
ing the temperature distribution in logs, 4 and 8 ft long, of differ- 
ent diameters for different time intervals. These graphs can 
easily be converted to be used under different conditions. 

Two items in this very valuable paper are to be regretted: 
The author does not use the letter symbols for heat flow as recom- 
mended by the American Standards Association.* The Ameri- 
can Standards symbol for thermal diffusivity, for instance, is 
a. The author, however, uses h? and q? for the diffusivities in 
the radial and axial direction, respectively, which is particularly 
undesirable because the American Standards employ h for sur- 
face coefficient of heat transfer and q for heat-flow rate. For 
time the author uses 7 which the Standards reserve for tempera- 
ture on absolute scale as generally adopted. 

The other objection is that the author, though knowing very 
well that diffusivity is a property of the substance in which 
conduction occurs, proceeds as though it were different for heat- 
ing the timber in steam or water. His statement, ‘The diffusiv- 
ity values determined from experimental tests may be considered 
as values which apply for the heating medium used,” is likely to 
confuse readers who are not quite familiar with the concept 
of “diffusivity.” It is significant that the author speaks of a 
“diffusivity factor for radial heating” instead of, ‘‘diffusivity 
factor for radial direction.”’ What he actually has in mind is 


1By J. D. MacLean, published in the January, 1946, issue of 
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3 “Temperature Distribution in Solids During Heating or Cooling,” 
by E. D. Williamson and L. H. Adams, Physical Review, vol. 14, 1919, 
pp. 99-114. 

4 American Standard Letter Symbols for Heat and Thermo- 
dynamics Including Heat Flow,” A.S.A., Z10.4-1943, published by 
A.S.M.E. 


that the surface coefficient which we call h, is generally greater 
for condensing steam than for water in contact with the surface, 
and that increasing h accelerates the propagation of temperature 
in a solid as does an increase of the diffusivity a. The effect of 
an increase of h may therefore be approximated by raising the 
value of a. Then, however, one should call this an “apparent” 
or “equivalent” diffusivity and express it by a different symbol, 
for instance, a,. Both lines in the author’s Fig. 1 obviously 
represent equivalent rather than true diffusivities, since the 
author neglects the temperature difference between the heating 
medium and the surface of the timber samples. 


Temperature-Time Distribution 
in Rectangular Bars’ 


G. M. DusmvsEerRn.? The authors suggest the use of their 
curves in the calculation of cooling rates during quenching of 
steel. There are two difficulties here, as follows: 

The first lies in the way the results are plotted, log of the tem- 
perature-change ratio against a function involving time directly. 
This is a widely used convention. It has the advantage, in plot- 
ting, that the lower end of each curve approaches a straight line. 
However, this region will ordinarily be of little interest. The 
authors wisely give a better chart in the same space by omitting 
values of 7’, less than 0.02, which values are shown on many 
similar charts. 

Consider the cooling of steel from 1600 F to 100 F. The most 
important changes occur around 1300 F, or T, = 0.8. The 
logarithmic plotting constricts this part of the chart. Therefore 
a uniform scale of 7’, would be an improvement. A further im- 
provement would be to use /a0/w as abscissa to expand the 
time scale in the region of practical importance. 

The second difficulty lies in the use of constant values of the 
thermal properties (k, cp, and h) and neglect of the latent heat of 
phase change. These simplifications are unavoidable under the 
conventional mathematical treatment, although not under a 
numerical treatment. 

Take an experimental temperature-time curve for a steel slab 
or billet. There is a definite “‘flat’’ in the critical range not shown 
on curves such as the authors’. If, by choice of mean values of 
the properties, we attempt to fit a theoretical curve to this, we 
will find that it must be in error, perhaps 10 to 15 per cent in 
position at some point and even more in regard to slope. This 
makes any question of two- or three-figure ‘accuracy’ rather 
academic. 

The fact is that calculus is not adequate for this problem. If 
we have to get solutions by calculation rather than experiment, 
then the writer feels that we should use the less esthetic but more 
accurate finite-step methods. 


Autuors’ CLOSURE 


The authors appreciate Commander Dusinberre’s amplifying 
statements regarding the mathematical method of solution. The 
log plot for T, function has become a generally adopted method 
of plotting this type of data. The authors realize that it is 
sometimes desirable to plot the results in a different way from 
the one they chose; hence they have included the tabular results 
shown in Tables 1 through 5, which may be used in plotting the 
curves in any desired manner. 

This method of solution involving the solution of the partial 
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differential equation is limited to cases in which the thermal 
properties (k, Cp, and h) are essentially constant and in which 
there are no phase changes and no latent heat. This method 
may be applied to the steel slab mentioned by Commander 
Dusinberre provided the temperature range does not include the 
critical point. 


Measurements of Temperatures in 
Metal Cutting’ 


k. J. Triccer.? The authors present interesting results of 
average chip temperatures versus cutting speed, Fig. 2 of their 
paper. The reasoning for the observed constancy of chip tem- 
perature at the higher range of speeds appears logical. The 
results do, however, emphasize the desirability of determining 
the temperature at the tool-chip interface, or contacting surface, 
since, as pointed out, this is where tool failure has its inception. 

The most direct approach to the tool-chip interface tempera- 
ture is probably by means of the tool-work thermocouple, which 
is, in reality, composed of many thermocouples in parallel so that 
the emf measured is the average emf of all the points of contact 
(thermocouples) of the tool and chip. A temperature so deter- 
mined represents therefore the average temperature at the tool- 
chip interface, and in this discussion is referred to as the cutting 
temperature. The writer has been investigating cutting tem- 


peratures utilizing the tool-work thermocouple principle and us- . 


ing a steel-cutting grade of cemented carbide as the tool and 
annealed NE8640 as the workpiece. 

Since the authors used carbide tools on steel it would seem that 
the results of the cutting-temperature tests should apply quite 
directly, and sample curves are submitted to supplement the 
authors’ statements concerning the temperature of the tool. 


WORK : NE 8640. TOOL: 788 CARBOLOY. FEED: 0.01 ipr 


0.150” DEPTH OF 
T=458y 0-186 x 


100 200 300 400 500 
CUTTING SPEED S.F.P.M. 


Courtine Sprnp-Curtinc TEMPERATURE RELATIONSHIP 


600 700 800 900 


Fig. 1 


Fig. 1 of this discussion shows the effect of cutting speed upon 
cutting temperature for two depths of cut at constant feed. 
Many similar curves have been obtained, all of the same general 
shape. 

It is generally observed that the curves droop at low speeds 
and/or light cuts. Examination of the chip under such condi- 
tions reveals some scuffing or roughness on the separating surface 
coincident with the presence of a significant built-up edge cn the 
tool. The effect of the built-up edge would be to remove some 
of the thermocouples from the separating surface, and thus lower 
the indicated (average) emf. Supporting this belief is the fact 
that when the chip shows no scuffing the points lie on the straight- 
line portion of the curve. Such conditions have been observed in 
many tests to date. 
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Within the range of conditions herein reported, the writer 
believes that cutting temperature is essentially a power function 
of cutting speed, and is expressed by the relationship 7 = CV", 
where C is a constant and n the exponent. This contention 
receives support from the older and more common relationship for 
tool life and cutting speed, i.e, VT” = C, where V = cutting 
speed, sfpm; 7 = tool life, min; C = const; and mn = exponent. 

Various investigators, including the authors, report constant 
cutting force if cutting speed is the only variable. If, then, the 
tool life is shortened exponentially with increased cutting speed, 
it is presumably due to increased temperature at the tool surface 
in a similar sort of relationship, that is, exponential. 


AuTHOoRS’ CLOSURE 


Professor Trigger’s comments on the paper, “‘Measurements of 
Temperatures in Metal Cutting,’ are very much appreciated. 
Professor Trigger’s method of measuring the cutting tempera- 
tures between the chip and tool by using a tool-work thermo- 
couple appears to be a logical procedure to determine the maxi- 
mum temperatures developed in metal cutting. In fact, Pro- 
fessors Gilbert and Boston first presented a paper before the 
A.S.M.E. in December, 1934, entitled, “Relation Between Cut- 
ting Force Temperature and Tool Life in Cutting Steel With 
Single-Point Tools.” The time of this presentation coincided 
with the depression and the paper was never published. Another 
paper entitled, ‘“‘Cutting Temperatures Developed by Single- 
Point Turning Tools,’ was presented to the American Society 
for Metals? by Professors Gilbert and Boston. Both of these 
papers showed that the cutting temperature as a function of cut- 
ting speed was practically a straight line for any shape of tool, 
except for speeds below approximately 25 fpm, where the curve 
was concave downward but above the normal line. Professor 
Trigger’s definition that the thermocouple is composed of many 
thermocouples in parallel is in agreement with the authors’ 
opinion. In fact, the concave portion of the temperature-cutting 
speed curve for the lower speeds is presumably due to this par- 
ticular principle, in that at lower speeds the built-up edge be- 
comes larger, and actually introduces a considerable amount of 
worked metal between the newly formed chip and the tool face. 
This is one of the objections of the tool-work thermocouple. 
Apparently Professor Trigger’s work as shown in Fig. 1 was 
carried out at speeds where the built-up edge did not exist or. 
was smallin size. His lowest speeds were about 120 fpm, with 
tool temperatures above 1000 F. 

An objection to the tool-work thermocouple is the difficulty of 
calibration. The authors have found that the electrical proper- 
ties of all tool bits are not identical, and that the calibration must 
be carried out between a piece of the work being cut and that par- 
ticular cutting tool doing the cutting. It is also necessary to 
make a new calibration for each material cut. It would be inter- 
esting to know Professor Trigger’s procedure in calibrating his 
tool-work thermocouple. 

The two-tool thermocouple in which two dissimilar tool ma- 
terials form the cutting edge, eliminated the need of calibrating 
against the material cut. The greatest trouble was in regrinding 
the tool, and also the sintered carbide wore faster than the other 
tool material at cutting speeds below 100 fpm. This two-tool 
thermocouple had the advantage of being able to cut any material, 
the emf developed between the two tools being a direct function 
of the temperature at the cutting edge and independent of the 
material cut. This permitted the use of this two-tool thermo- 
couple to compare cutting temperatures under standard sizes of 
cuts when turning steel, cast iron, nonferrous metals, etc. 

Later a double tool-work thermocouple was developed in which 


3 Trans. American Society of Metals, vol. 33, no. 3, September, 
1935, pp. 703-726. 
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one tool of high-speed steel, and a second tool of cast nonferrous In this respect the authors’ work does not agree with Professor 
alloy, identical in shape, were used when cuttinga baratthesame  Trigger’s, due perhaps to the fact that our temperatures are 
speed, feed, and depth of cut. The reading on the potentiometer normally below 1000 F, whereas Professor Trigger’s are normally 
was independent of the material being cut, the tool grinding was above. It would therefore appear that further work on this 
simplified, and the accuracy of reading-was improved. subject to establish the relationship between the temperature and 

All of these types of thermocouples gave practically straight- the tool life as a functior of cutting speed would be well worth 


line relationships between the cutting speed and temperature. while. 
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Summary Report on the Joint E.E.1.-A.E.L.C. 


Investigation of Graphitization of Piping 


By S. L. HOYT,! R. D. WILLIAMS,? anv A. M. HALL‘ 


Following the failure in January, 1943, of a welded joint 
in a high-pressure steam line at the Springdale Station 
of the West Penn Power Company, among the several 
investigations undertaken, a research program was 
initiated at Battelle Memorial Institute to study the 
fundamental causes of graphitization and the restoration 
of graphitized joints. The present paper is a summary of 
the findings to date on graphitization and includes not 
only work of the Institute but elsewhere. It gives the 
present status of significant points which have emerged 
in relation to manufacture and fabrication. 


INTRODUCTION 


high-pressure steam line at the Springdale Station of the 

West Penn Power Company made the whole power indus- 
try, as well as the metallurgical world, acutely aware, for the 
first time, that graphite could form in steel piping operating at 
steam temperatures, and that its presence in certain instances 
could so weaken the piping as to produce a service hazard. 

Among the several investigations immediately begun by vari- 
ous interested groups was a research program at Battelle Memo- 
rial Institute under the auspices of a Joint Subcommittee on 
Graphitization, initiated by the Edison Electric Institute and the 
Association of Edison Illuminating Companies. The program 
was set up to study the fundamental causes of graphitization 
and the restoration of graphitized joints. For new pipe, it was 
desired to know one or more kinds of steel which would be resist- 
ant to graphitization. 

In particular, interest centered about the segregated type of 
graphite found in the Springdale pipe. This occurred as a con- 
tinuous film across the entire cross section of the pipe, at or near 
that zone of a welded joint which had been heated to the Ac; point 
of the steel during welding, i.e., the low-temperature edge of the 
weld-heat-affected zone. Instead of being plane, this film of 
graphite was scalloped in conformity with the heat-affected zone 
and in a cross section through weld and stock, showed a charac- 
teristic “eyebrow” formation. Graphite nodules might have 
formed elsewhere in the pipe, but with their random distribution 
they were thought to be relatively harmless. The segregated 
streaks, however, tended to form a weak and brittle plane across 
the entire pipe and it was imperative that their formation be pre- 
vented. 

This paper is a summary of the findings to date on graphitiza- 
tion investigations, both at Battelle and elsewhere. These in- 


PP a failure in January, 1943 (1)4 of a welded joint in a 
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clude reports by approximately 40 operating companies on the 
condition of their steam lines’ and by additional investiga- 
tors, principally staff members of the power companies and of 
suppliers who had individual points under study. 

In general, no attempt is made in this paper to distinguish be- 
tween the sources of the data discussed, although this has been 
done in the Battelle progress reports to the Joint Subcommittee. 

It is intended in this summary report to give the status to date 
on points that have emerged as being of greatest significance in 
manufacture and fabrication. Fortunately, it is possible to give 
reasonably good answers to some of the more important ques- 
tions, but it should be recognized that the exploration of a 
new field is likely to raise additional questions, the existence of 
which had not been anticipated. That is true in the present in- 
stance and is principally responsible for the tentative position 
which must be taken on some of the points. 


INFLUENCE OF DEOXIDATION AND ALLOYING ELEMENTS 


Aluminum Deoxidation. Among the plain-carbon steels the 
high-aluminum-deoxidized types (i.e., 1.5-2 lb Al per ton) were 
found to be relatively susceptible to graphitization at the higher 
steam temperatures. Plain-carbon steels, low-aluminum-de- 
oxidized (i.e., 0.5 lb Al per ton, or less) or straight silicon- 
deoxidized, appear resistant to graphitization at present steam 
temperatures. These findings are confirmed by both plant 
and laboratory investigations (2). Bead-welded high-aluminum- 
deoxidized plain-carbon steel showed graphitization after only 
500 hr at test temperatures of 925 F and 1025 F. At the same 
test temperatures a low-aluminum-deoxidized plain-carbon steel 
contained no more than possible traces of graphite after 7700 
hr. 

Residual aluminum in the steel, or some factor which runs 
parallel with it, seems to promote graphitization very strongly. 
In this connection there is some evidence, though it is inconclu- 
sive, to suggest that it is residual aluminum as metallic aluminum, 
rather than as Al,Os, which is effective. This point will be again 
considered when the relationship between graphitization and 
microstructure is discussed. 

Molybdenum. The presence of about 0.5 per cent molybdenum 
in the carbon-molybdenum steel retards graphitization to some 
extent. However, molybdenum was originally added to im- 
prove creep strength, and its retardation of graphitization is a 
secondary effect, far outweighed by the action of aluminum de- 
oxidation as an accelerator. Thus while low-aluminum-killed 
or straight silicon-killed carbon-molybdenum steel was found to 
be very resistant to graphitization, high-aluminum-killed carbon- 
molybdenum steel graphitized to an appreciable extent, though 
not as readily as high-aluminum-killed plain-carbon steel. The 
graphitization of carbon-molybdenum steel and the effect of 
aluminum deoxidation may be seen by comparing Fig. 1 with 
Fig. 2. 

5 Of the forty stations reporting, seven had cases of severe graphiti- 
zation (chain-eyebrow-type or heavily segregated nodules), two 
had cases of moderately severe graphitization (segregated nodules), 
four had cases of moderate graphitization (random nodules), three 
had cases of slight graphitization (a few random nodules), and 23 had 
found no graphite. 
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Fic. 1 Hres-ALumMINuM-KILLED CARBON-MOLYBDENUM STPEL 


Beap-WELpED AND TREATED 9700 HR av 1025 F 
(Random graphitization. Nital etch; 250.) 


Chromium. Examination of the chromium-molybdenum steels 
has developed a feature of the microscopic identification of 
graphite that deserves mention. Chromium is added, in this 
case, to produce a carbide of such stability that it will be immune 
to any tendency to form graphite at operating temperatures. 
There is considerable evidence to support this belief, and one ex- 
pects the microscopic examination of heated test samples to show 
nothing of the nature of graphite. Actually, one observes very 
small particles, even in samples containing 1 per cent of chro- 
mium or more, and he is inclined to report “traces of graphite.” 
One of these small particles is shown in Fig. 3. The occurrence 
of graphite is highly doubtful and the situation calls for positive 
identification of these particles, if not in the present samples in 
which the task would be relatively difficult, then in samples which 
have been heated long enough for them to grow into a more con- 
venient size. Unfortunately, at this time it has not been pos- 
sible to carry out the work necessary to complete the identifica- 
tion—they might be chromium oxide or some other unsuspected 
reaction or precipitation product. 

With this in mind it is noted that chromium-molybdenum 
stee's, even one containing as little as 0.25 per cent chromium 
and made with high-aluminum deoxidation, did not appear to 
graphitize in a laboratory test. After heating at 925 F and 1025 
F for 5000 hr, careful metallographic examination showed so 
little graphite, if any, that it could not be identified with cer- 
tainty. Under the same conditions, control specimens, similar 
in composition except that no chromium was added, graphitized 
after 2500 hr. Figs. 4 and 5 indicate these differences. Thus 
the stabilizing or retarding capacity of chromium is much greater 
than that of molybdenum, and is apparently sufficient to offset 
the accelerating tendency of aluminum. 

Nickel. It has been reported that nickel in amounts up to 3.43 
per cent does not increase the tendency of low-carbon molydenum 
steel toward graphitization in the temperature range of 950 F 
to 1050 F and may quite possibly decrease it. 


Errect or Prior Heat-TREATMENT AND STRUCTURE 


Welding. The striking peculiarity in the graphitization prob- 
lem confronting the power industry is the fact that when 
segregated graphite forms in pipe during service it usually 
occurs in a narrow zone in the pipe immediately adjacent to a 


Fic. 2. Low-ALUMINUM-KILLED CarBON-MOLYBDENUM STEEL 
Beap-WELDED AND TREATED 9700 Hr ar 1025 F 
(No graphitization. Nital etch; X 250.) 


Tig. 3) Smavy Dark Particyy In Low-ALUMINUM-KILLED CHRO- 
MIUM-MOLYBDENUM STEEL, 0.5 Per Cent Cr, 0.5 Per Cent Mo, 
Treatep 2500 Hr ar 1025 F; 2000 


weld. It is evident that the location of this zone and the degree 
of graphite segregation in it are largely determined by the ther- 
mal gradients imposed on the pipe during welding. Microscopic 
examination shows that this zone of graphite segregation is the 
narrow band through the wall of the pipe near the weld and 
following the weld contour, which has been heated approximately 
to the Ac, point of the steel by the welding operation. The in-- 
fluence of welding heat is shown in Figs. 6 and 7 for a high- 
aluminum-killed plain-carbon steel. : 
Welding is not the only factor operating to produce segregated 
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Fic. 4 Hren-Avuminum-Kititep CHromium-MoLyBDENUM STPe., 
0.50 Per Centr Cr, Beap-WeELpEp AnD TREATED 5000 Hr at 1025 F 
(No graphite. 


Nital etch; 250.) 
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PLaIn-CarBoNn STEEL, 
Werpep AND TREATED 7700 Hr ar 1025 F 
(Graphitization in zone just above Ac; isotherm. Nital etch; X 250.) 


Fic. 6 HicH-AvumiInuM-KiLLED 


graphite; we must not overlook the simple fact that the steel 
must be inherently graphitizable. Thus the thermal treatment 
accompanying welding is a necessary but not a sufficient condi- 
tion for the production of a brittle zone of segregated graphite. 
Carbide Particle Size. There is evidence to indicate that it is 
the structure of the carbides in the zone heated to the Ac; point 
which induces the graphite segregation. In particular, the ob- 
servations suggest that a spheroidized or coarse-carbide structure, 
such as may obtain at the Ac, isotherm after welding, is especially 
susceptible to graphitization. Fine carbides appear to be more 
resistant to graphitization. This was brought out in a test of a 
high-aluminum-killed plain-carbon steel which was heated 1350 
hr at 1025 F. Specimens water-quenched from 2000 F or 1600 
F, or normalized at 1650 F, (all containing fine carbides) showed 
no graphite, while specimens annealed at 1400 F, or spheroidized 
65 br at 1250 F, had graphitized, forming random graphite nod- 


Fic. 5 Hicu-AvuMINUM-KILLED 
0.0 Per Cent Cr Contron, Brap-WeLpEp anp Trearep 5000 Hr 


(Graphitization tending to segregate at Ac, isotherm. 
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CarBon-MoLyBpDENUM STEEL, 


AT 1025 F 
Nital etch; 250.) 


BrEapb- 


Fig. 7 HicH-AvuminuM-KILLEeD PLAIN-CARBON STEEL, 
WerLpEp AND TREATED 7700 Hr av 1025 F 
(Graphitization in stock unaffected by welding heat. Nital etch; X 250.) 


ules. Furthermore, welded carbon-molybdenum steel pipe, 
normalized at 1650 F, was also resistant to graphitization, pre- 
sumably because the susceptible structure near the weld was re- 
placed by a relatively fine and resistant structure. It is to be 
assumed that longer heating would ultimately produce random 
graphite, a point that is more adequately treated under the ki- 
netics of graphitization. 

Normality. The accumulated evidence seems to confirm the 
hypothesis that a steel which is structurally completely “nor- 
mal” in the McQuaid-Ehn test is highly resistant, though not 
necessarily absolutely immune, to graphitization (2). In this 
light the action of aluminum as an accelerator of gtaphitization 
may be its known capacity for promoting spheroidization of car- 
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bides and for inducing “abnormality” in steel. Thus the in- 
fluence of aluminum may actually arise from its effect on struc- 
ture. 

Contrariwise, the persistence of well-defined lamellar pearlite 
shown by Kerr and Eberle for long-continued heating of normal 
steels may be directly associated with freedom from graphitiza- 
tion (2). 

Postweld Heat-Treatment. Postweld heat-treatments at 1200 F 
or 1300 F have shown a little less graphitization as com- 
pared to the as-welded condition. The reason for this small ef- 
fect is not clear, though for molybdenum steel it has been sug- 
gested that the effect of 1300 F is due to the formation of molyb- 
denum carbide (3). <A striking effect, however, is produced by a 
postweld stress relief carried out slightly above the Ac, tempera- 
ture of the steel which re-forms the structure produced by welding. 
In tests of a high-aluminum-deoxidized plain-carbon steel, stress- 
relieved at 1370 F, the formation of segregated graphite was com- 
pletely prevented, although random graphitization was not pre- 
vented, and in fact may even have been accelerated. 

The same steel, stress-relieved at 1290 F or less, after welding, 
developed segregated graphite near the Ac, isotherm. These 
tests were carried out at 925 F and 1025 F for time intervals 
up to 7700 hr. : 

It may be pointed out here that some instances of resorption of 
segregated graphite have been observed in test samples. 

Creep Strength. One of the points immediately considered 
upon discovery of the apparently beneficial effects of stress- 
relieving above the lower critical temperature (Ac) was the 
effect of such a treatment on the creep strength of steel so treated. 
Creep tests could not be made in the limited time available, but 
samples of carbon-molybdenum steels were ‘‘stress-relieved”’ 
at 1425 F, and the microstructures thus produced were com- 
pared with those shown by Weaver (4), in his study of creep in 
carbon-molybdenum steel. This comparison suggested that the 
creep properties would most probably correspond to Weaver’s 
specimens representing an annealed initial condition. As such, 
the stress-relieving treatment above the lower critical point would 
not be excessively harmful to the creep strength. 


INFLUENCE OF STRESS AND STRAIN 


It is not possible at this time to distinguish very clearly between 
stress and strain (cold work) as factors in the graphitization prob- 
lem. High-pressure steam lines are under stress in service and 
some evidence has been gathered to indicate that stress may ac- 
celerate graphitization and in so doing, produce a typical 
stress pattern. It is not considered a primary cause of graphiti- 
zation, however, and the information at hand indicates that it is 
effective only in the case of a readily graphitizable steel. 

As an example of the effect of cold work, a tensile bar of high- 
aluminum-deoxidized plain-carbon steel was pulled to fracture 
at room temperature and heated 1350 hr at 1025 F. Random 
graphitization was found in the bar, increasing in severity toward 
the fracture. A similar test in a low-aluminum-killed plain- 
carbon steel produced no graphite whatever. Straining by bend- 
ing at room temperature slightly increased graphitization in a 
high-aluminum-killed plain-carbon steel, while compressive 
straining at 1025 F considerably increased the amount of graphi- 
tization. No relationship was found between the strain lines 
(Liiders’ lines) produced in a steel specimen by tensile deformation 
and the location of graphite nodules. 

The information so far accumulated points toward stress, and 
particularly that developed at steam-line operating temperatures, 
as a probable accelerator of graphitization which should not be 
overlooked. 


Errect or JoINT PREPARATION 


Among the original questions raised by the power industry re- 
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garding the susceptibility of carbon-molybdenum steel pipe to 
graphitization, three dealt with the possible effect of joint prepa- 
ration as a cause of graphitization. Specifically these were: (a) 
Is grease applied to the pipe end during fabrication a possible 
source of graphite? (b) Does gas-cutting of pipe ends prepara- 
tory to welding cause graphite to form? and (c) Does cold-work- 
ing, such as produced by too coarse a tool feed in machine-bevel- 
ing of pipe ends, cause graphite to form? 

Tests indicate that none of these three factors is likely to con- 
tribute to the graphitization of steam lines. However, the -evi- 
dence is not absolutely conclusive, particularly in regard to 
the effect of grease. Hence it appears advisable to adhere to the 
practice of cleaning all joints free from grease and other foreign 
matter prior to welding. It is known, of course, that perfectly 
clean steel graphitizes if it is of the susceptible type. 

As for flame-cutting and heavy tool feeds, it is believed, in view 
of the depth of penetration of weld metal below the original sur- 
face of a joint, that neither of these surface preparations would 
cause the formation of graphite. 


KONETICS OF GRAPHITIZATION 


On the basis of preliminary work that has been done an at- 
tempt has been made to apply the principles of chemical kinetics 
to the problem of graphitization. 

The approach consists in treating the graphitization process as 
a slow chemical reaction and determining its course with time 
at constant temperature, as given by the fraction of carbon trans- 
formed from the initial condition (carbide) to the final condition 
(graphite), for different intervals of time. The plot of the frac- 
tion of total carbon transformed, against time at temperature, is 
the reaction curve of the process. By correlating a series of re- 
action curves, each representing the progress of graphitization at 
a different temperature, the effect of temperature may be de- 
termined; at least for the temperature range over which the 
mechanism of the process remains the same. 

Fig. 8 shows reaction curves obtained from data for the graphi- 
tization at 925 F, 1025 F, and 1125 F, of ‘‘reconditioned”’6 speci- 
mens of the original Springdale pipe, a high-aluminum-deoxidized 
carbon-molybdenum steel. The fraction of carbon transformed 
to graphite was determined by metallographic methods and plot- 
ted semilogarithmically against time. The solid portion of each 
curve represents the experimental data. The broken portions 
have been added to show the probable form of the complete 
curves. 

For the purpose of illustration only it was decided to use 
these data to indicate the effect. of temperature on the rate of 
graphitization. For this the half-life time at each of the three 
test temperatures was read directly from the reaction curves as 
the time required to convert one half the total carbon in the steel 
to graphite. These half-life times for 925 F, 1025 F, and 1125 F, 
plotted semilogarithmically against the reciprocal of the absolute 
temperature, yielded the approximately Gea relationship 
shown in Fig. 9. 

Reports on the progress of praphitinaen usually make use of 
some simple description of amounts, particle size, and distribu- 
tion, with photomicrographs of typical areas. That is not ade- 
quate for quantitative treatment; and for the present work it was 
necessary to determine the amount of graphite in each sample. 
This was done by polishing several microsections of each sample 
and then estimating the average area covered by graphite. This 
figure in per cent gives the per cent by volume. Upon converting 
the volume per cent to weight per cent, it was necessary to apply 
a correction factor which was experimentally determined by a 
comparison of a limited number of microscopic determinations - 
with direct chemical analyses for free carbon. 

Some refinements in technique are still desirable but the data 


6 ~ 8 Air-cooled from 2200 F and normalized at 1650 F. 
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presented are doubtless adequate for illustrating the principles. 
At this time no great accuracy can be claimed for the individual 
determinations. However, the data are good enough at least to 


suggest that the graphitization process, when it occurs, follows - 


a definite law. Furthermore this law, whatever it may be, ap- 
pears to be reasonably uniform in behavior over the range of 
- temperature involved in the test program. Should this initial 
finding be corroborated by additional and more precise determina- 
tions, this is a conclusion of major significance since it gives legi- 
timate grounds for predicting, from the findings at higher and ac- 
celerating test temperatures, what will happen at lower tempera- 
tures, or down to approximately 925 F. There is some reason to 
believe that at some temperature below 925 F, which would prob- 
ably be different for different steels, some sort of change in the 
process sets in, such as one or more of the conditions for graphiti- 
zation dropping out, and hence that a temperature range of im- 
munity is entered. That temperature, if adequately determined 
and defined, would then become the maximum safe operating 
temperature for the steel in question. 

While this preliminary study was conducted for the primary 
purpose of checking the soundness of the use of accelerating test 
temperatures, in other words, checking the experimental ap- 
proach to the problem, it suggests, and possibly justifies, certain 
speculations on the type of data or observations which are 
needed to give an adequate understanding of the process. That 
should be the ultimate goal of an experimental program which 
seeks the control of graphitization. Since this is speculation, the 
discussion will be brief. 

There is some thought that graphitization is a nucleation and 
growth process. The characteristics of such a process are: (a) 
An incubation period of nucleation over which it appears that 
nothing happens; (b) a period of relatively rapid change with 
corresponding depletion in the reacting substance; and (c) a 
final slow change to the end point. The graphitization data in- 
dicate that the reaction starts relatively fast and proceeds at a 
decelerating rate. (The curves in Fig. 8 do not show this on ac- 
count of the logarithmic scale, but it becomes clear when time 
is plotted on a linear scale.) At least the data are consistent with 
the idea that nuclei are already present in the steel used for this 
test, though in other graphitizable steels that might not be so 
and the difference should show up in the reaction curves. Of 
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course if the second type of steel were tested for too short a time 
one might erroneously conclude that it was immune. 

The idea of graphite nuclei being present in some steels is not 
without support since Mr. Bolton of the Lunkenheimer Company 
has shown by chemical analysis that the Springdale steel before 
service contains about 0.04 per cent free carbon. Other steels 
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which are either immune or relatively resistant, ran about 0.01 
per cent. These amounts are too small to be seen under the mi- 
eroscope. 

An experimental verification of these points is greatly to be 
desired. While they may appear to be of greater theoretical than 
practical interest, that would probably be a shortsighted view- 
point. Laboratory tests of 10,000 hr duration are relatively long, 
yet an accelerated test at 1125 F, which steps up the rate thirteen- 
fold would require over 30,000 hr to produce the effect of normal 

eoperating life at 925 F. In other words, we are required by the 
force of circumstances to pass judgments which are based on 
relatively short acquaintance with the steels in question. Ob- 
viously, the more complete our understanding of graphitization, 
the better able we will be to appraise steels and structures in 
short-time tests. 

Another line of speculation which may not be without interest 
relates to the effect of structure, particularly the striking segrega- 
tion of graphite along the Ac; isotherms. From thermodynamics 
it is known that the slope of the straight line in Fig. 9 is propor- 
tional to the energy change involved in the mechanism which 
controls the rate of the reaction. Calculation gives a heat value 
(32,900 cal per mol) which is consistent with the assumption that 
the controlling factor is diffusion, presumably the diffusion of 
carbon atoms through the ferrite matrix from the carbide source 
to the graphite nodules. This immediately raises the question 
of what carbide particles serve as sources. 

In most processes of nucleation and growth it is not difficult 
to identify the reacting material, or source. For the case of 
graphitization, the malleabilization of white cast iron comes to 
mind, with nodules of graphite surrounded by uniform, impover- 
ished zones. The present type of graphitization departs from 
this ideal picture, at least in numerous instances, in that the 
graphite nodules may be surrounded by carbide-containing areas. 
Obviously, those areas did not provide carbon for the graphite; 
the carbon must have come from more distant points. This 
seems to be just a simple statement of the facts, and if correct it 
shows that not all of the carbon is equally “‘available.”’ 

There is some evidence on availability. In the Battelle pro- 
gram it was found that a steel that was either quenched and 
drawn, or normalized, did not graphitize under test conditions 
which produced graphite in the same steel when it was annealed. 
The obvious structural difference is a fine carbide in the first two 
conditions and a coarse carbide in the latter. The concept of 
availability is sufficiently intriguing to induce one to attempt to 
apply it to the case of segregated graphite. Upon heating the 
steel to Ac; during welding the carbide has an opportunity to 
coarsen and this would probably be aided by aluminum deoxida- 
tion. If graphite nuclei are already present, graphitization would 
start almost immediately by drawing carbon from those carbides 
which were able to provide it. Even so, the process is slow and, 
particularly at service temperatures, some time would elapse 
before much visible graphite had formed. If nuclei had to form 
first, still more time would be required. In either case the graph- 
ite which formed at the Ac, isotherm preferentially would serve as 
a “sump” and drain carbon from coarsened carbides in the vicin- 
ity. : 

While this picture may be adequate for some of the cases of 
graphitization, a review of the findings to date indicates that it 
by no means covers all cases. Smith and Brambir (5) found, for 
example, in experiments with an end-quenched bar of graphitiza- 
ble steel that the quenched end produced graphite on being 

‘heated subsequently. That seems to contradict the work at 
Battelle on a quenched and drawn sample, but more likely it is 
probably just telling a different story. 

Without going into all the details, this seems to be the status 
of our knowledge of the graphitization process. By this we mean 
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that from the standpoint of understanding the process, the data 
which have been accumulated do not fall into one simple pattern, 
They suggest, rather, that there are varying and multiple condi- 
tions which must be satisfied for the initiation and progress of 
graphitization. 

Work on the kinetics of graphitization suggests that it should 
be valuable for distinguishing between the cases of free graphite 
initially present in the steel and of the spontaneous generation of 
nuclei. The latter condition would require a longer period for 
the growth of finite particles, and in the incubation period would 
be difficult to distinguish from the case of a nongraphitizable 
steel. (The determination of free graphite might make this pos- 
sible.) Furthermore, it now appears that absence of graphitiza- 
tion at a given time interval may be due either to (a) absence of 
nuclei in an otherwise graphitizable steel, (b) absence of available 
carbon in an otherwise graphitizable steel, or (c) stable carbide. 
Conditions (a) and (b) could conceivably become modified with 
additional time and produce late graphitization. Condition (c) 
is the case desired for good practice, for both fabrication and 
service. < 

The ultimate use of the kinetic approach would be to make it 
possible to make reasonable predictions of behavior in service 
from accelerated test data gathered in the laboratoty. 


SUMMARY ° 


Considerable information has been gathered on the effects of 
several of the variables operating in the graphitization of high- 
pressure steam lines. Some data have been accumulated on the 
influence of deoxidation and the composition of the steel, on 
the effects of welding heat and other preservice heat-treatments, 
and on the influence of microstructure and cold deformation. 
While the results are largely qualitative, they throw some light 
on the mechanism of graphitization and give a basis, the only 
one at present, for prescribing the steel to be used and for set- 
ting safe operating temperatures. 

In summarizing, it is thought that the following can be said on 
the points that appear now to be most important in this problem: 

Deoxidation. The deoxidation practice used in making steels 
which are presumably of the graphitizable type is of great im- 
portance. In particular, the use of 11/2 to 2 lb of aluminum per 
ton is known to have a pronounced effect. This applies to both 
carbon and carbon-molybdenum steels of the type used for steam 
lines. This effect of aluminum has been found by controlled 
tests to be more pronounced than is the stabilizing effect of 0.5 
per cent molybdenum. Steels which have been tested with not 
over 0.5 lb per ton and straight silicon-killed steels are relatively 
immune. These steels are characterized by showing a, highly 
normal case structure in the McQuaid-Ehn test while the same 
steels deoxidized with the larger amount of aluminum showed 
the abnormal structure. While there is still some small doubt 
as to the absolute immunity of these normal steels, they should 
be regarded as highly resistant and capable of operating under 
more severe conditions without graphitizing than the same steels | 
of the abnormal type. (No. = 0.001 + per cent; Ab. = 0.020 
+ per cent Al). 

Composition. Since carbon is the element which produces the 
graphite, it would seem advisable to keep it on the ‘‘low side,” 
although no quantitative determinations have been made of the 
effects of different carbon contents. Chemical analysis reports a 
small amount of free carbon in these steels as manufactured. The 
indications to date are that the nongraphitizing steels contain 
not over 0.01 per cent free carbon arid the graphitizing steels 
about 0.04 per cent. This lead is so important that it should be 
followed up. This might be done by determining free carbons 
on new lots of both wrought and cast steels for information pur- 
poses. 
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Manganese and silicon are both known to affect graphitization 
in general. In the present case these elements have been held 
at fairly constant levels and to date no specific effects of these 


- elements have been uncovered. 


Molybdenum is known to form a (metallic) carbide and has 


been shown to exert a stabilizing effect on pipe steels. Molyb- 
_ denum also has a characteristic effect on the structure of steel 
and may have a secondary effect of this type. Just what this 


effect might be has not been worked out as yet, certainly not 


quantitatively. 


It has been reported that heating the molybdenum steels at 
about 1300 F has a pronounced beneficial effect on graphitiza- 
tion. It was suggested that this is due to the conversion of iron 
carbide to the more stable molybdenum carbide, but apparently 
it is not known that this molybdenum carbide would remain 
stable at the lower operating temperatures or that the immuniza- 
tion is permanent. 

Chromium also forms a highly stable carbide and is now 
thought to be the best element to add to carbon or carbon- 
molybdenum steels to keep them from graphitizing in service. 
In contrast to molybdenum, the addition of as little as 0.25 per 
cent chromium has at least checked graphite in high-aluminum- 
killed steel. While tests of chromium-containing steels have 
not as yet given definite or final answers, particularly on the 
amount of chromium which would be needed, the tests do indi- 
cate that chromium prevents or vastly retards graphitization. 
In this connection, however, it should be mentioned that tests of 
steels containing as much as 1 per cent chromium, or more, have 
shown “traces” of some new substance. Since one is looking for 
graphite in these samples, he is inclined to refer to this material 
as graphite since it occurs as very tiny dark specks. On the other 
hand, this material has not been identified, a determination which 
would not be without difficulties. 

Welding. While random graphitization can occur in pipe 
steels without causing undue alarm, the heat effects of welding 
establish a highly critical zone where the stock has been heated 
to about the Ac, temperature. This is the major cause of segre- 
gated graphite. 

While the usual stress-relieving temperatures of 1200 to 1300 
F retard graphitization, it seems to be necessary to eradicate the 
structure of the heat-affected zone to have any important effect 
on the elimination of segregated graphite. Sucha stress-relieving 
would be carried out just above the critical temperature for a long 
enough time to accomplish this. This treatment should be re- 
garded as a good “eorrective measure” for use with a known or 
suspected graphitizable steel, but by no means as a substitute for 
a stable steel. 

Inasmuch as welding sets up the structural conditions which 
invite graphite segregation, welding techniques should be looked 
for to ameliorate this condition. The use of a high heat input 
and preheat which widen the heat-affected zone should be bene- 
ficial and should improve the effectivenss of stress-relieving above 
Aa. 

Prior Structure. Prior structure of the part as welded does not 
appear to have a dominating effect on graphitization. While 
the point has been kept in mind by investigators, it does not ap- 
pear to warrant very much attention. Even so it might have a 
secondary effect on the susceptible structure which is set up by 
welding. With this factor, as with various other factors of 
graphitization, an analysis of its precise effects is far less impor- 
tant than finding a steel which is immune to graphitization and 
not sensitive to deoxidation, welding, structure, etc. In particu- 
lar, it is not thought that the structure set up by hot-upsetting, 
hot-forming, etc., is of primary importance in the graphitization 
problem. 

Cold Work. The manufacture of pipe and castings for steam 
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lines does not involve cold work except scarfing and similar opera- 
tions. On this account the effects of cold work do not enter into 
the problem in a practical way, but laboratory tests have shown 
that cold deformation of graphitizable steels accelerates the proc- 
ess. On this account it might be used in a testing program to 
distinguish between graphitizable and nongraphitizable steels. 

Service Temperatures. In view of the present interest in 
higher steam temperatures it is advisable to point out that the 
various investigational programs have all related to service tem- 
peratures not above the 925 F to 950 F mean-operating-tempera- 
turerange. Steam temperatures of the order of 1000 F and above 
would very likely call for a different type of steel. 

Suggestions for Power Industry. (a) For new steam-line in- 
stallations it is suggested that a “normal” (low-aluminum-, or 
silicon-killed) carbon-molybdenum steel with initial graphite 
content of not more than 0.01 per cent, or a chromium-molyb- 
denum steel containing 0.50 to 1 per cent chromium and 0.50 
per cent molybdenum be used. Also, since postweld stress- 
relieving is general practice, it appears advisable to stress-relieve 
these steels above their Ac, temperature after welding. Future 
work may show this to be unnecessary. 

(b) Though joints exhibiting some graphitization in service 
can generally be ‘‘healed” by normalizing at 1650-1700 F, they 
should be checked periodically. 

(c) When a joint is severely graphitized, the only safe pro- 
cedure is to cut it out and reweld, or replace it with a spool 
of new pipe. In fact, where severe graphitization is encountered 
in a large number of joints throughout the installation, it is safest 
to replace all the pipe with a type resistant to graphitization. 
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the findings both at Battelle and elsewhere. The tentative posi- 
tion taken in answering some of the important questions is justi- 
fied by incompleteness of the findings and the different conclu- 
sions possible from the data at hand. 

From a comparison of microstructures the authors have con- 
cluded that a postweld heat-treatment just above the lower 
critical temperature will not be excessively harmful to the creep 
strength. It is hoped that subsequent creep tests will support 
this conclusion. Examination of weld-probe samples from 
both high- and low-aluminum-deoxidized carbon-molybdenum 
welded joints after a few years’ service at 900 F shows that a defi- 
nitely spheroidized structure has resulted. It would seem im- 
portant therefore to have creep tests and stress-rupture tests 
made on this spheroidized material for comparison with service 
creep measurements. 

Efforts to reproduce the “strain-line’’ type of preferential 
graphitization apparently were not successful. The importance 
of understanding the cause of this type of graphitization is so 
great that further efforts should be made to reproduce this phe- 
nomenon under laboratory conditions, 

While the structure produced by hot-upsetting may not, as 
stated by the authors, be of primary importance in the graphiti- 
zation problem, it is the writer’s opinion that the segregated type 
of graphite found adjacent to the welds and in the strain lines 
at Springdale is in some manner related to hot-upsetting. 


J. A. Rouric.’ -The data embodied in this report represent a 
vast amount of work and constitute a fundamental contribution 
that can be utilized in the selection and specification of new high- 
temperature-steam pipe material. 

In association with graphitization, the effect on the physical 
strength of infected joints that are in service is of the greatest im- 
portance. In an endeavor to evaluate the effect of graphitiza- 
tion, two 10-in-diam welded joints in medium-carbon steel 
A.S.T.M. A-106 Grade B pipe that had been in service at 825 F 
for 59,000 and 64,000 hr, respectively, were investigated by the 
writer’s company. Each weld. joined a corrugated filler at 
the downstream side and a pipe bend at the upstream side. The 
graphitization that had occurred at these joints was judged to be 
“moderate” in amount and is shown in Fig. 10 of this discussion. 
Tensile tests made on samples taken from the joints indicate 
that the graphitization had no adverse effect on the tensile 
strength. Notched-bar tests made on samples cut from the two 
joints showed, however, a reduction in shock resistance in three 
of the four graphitized areas tested. 

The results from these tests are given in Table 1 of this discus- 
sion. Samples from the same joints were laboratory-heated at 
temperatures that were varied between 850 and 950 F for a period 
of 6000 hr to develop further graphitization. Typical graphitiza- 
tion found in these samples after laboratory-heating is shown in 
Fig. 11. Since only small samples were used, notched-bar tests 
were not made after laboratory-heating, but bend tests made on 
strips cut from these laboratory-heated samples resulted in a dis- 
tinct crack at one side of one weld as shown in Fig. 12. These 
samples were taken from welds in vertical piping, and it is inter- 
esting to note that the most severe graphitization at each weld oc- 
curred at the lower or downstream side of the weld. 

The results obtained for these joints after laboratory-test-heat- 
ing of samples removed from service show that although only 
moderate graphitization had developed as a result of 60,000 hr 
of service, a critical type of graphitization might possibly develop 
in these joints as a result of somewhat longer service. 

The results presented by the authors regarding stress-relieving 
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Fic. 10 Moperats Grapuirization in Heat-Arrecrep AREA OF 
WeE.Lp In Meprium-CarBon STrEL Pips Arrer 59,000 Hr or SERVICE 
Av 825 F; X100 * 


TABLE 1 NOTCHED-BAR DATA FOR WELDED JOINTS IN 
MEDIUM-CARBON STEEL es HIGH-TEMPERATURE SERV- 


-——Charpy V-notch toughness, ft-lb——\ 
Pipe metal unaffected Heat-affected area 


by welding containing graphite 
Joint No. 1 
After 59,000 hr of service 
at 825 F: 41 34 
Corrugated filler......... 4l 22 
44 42 35 30.3 
72 78.5 
Pipe bends. cas ec aera 72.5 86 
76 73.5 102 88.8 
Joint No. 2 
After 64,000 hr of service 
at 825 F: 59 46 
Corrugated filler......... 43 ve 
: 46 49.3 55 45.6 
103.5 81 
Pipe bendisceerscck ete oc 65 77 
69.5 79.3 57 71.6 


treatments above the lower critical temperature are of particular 
interest since heat-treatment within or above the critical-tempera- 
ture range after welding offers a means of overcoming dangerous 
graphitization. A graphitization test is under way at the writ- 
er’s company, using welded samples of three different heats of 
A.S.T.M. A-206 low-aluminum carbon-molybdenum pipe material 
in the normalized, and also in the hot-rolled and drawn condi- 
tion. Some of the samples received a treatment of 2 hr at 1400 
F, following welding. The graphitization test is being conducted 
using laboratory-test-heating and temperatures varying between 
950 and 1150 F. The results obtained after 1500 and also after 
2500 hr of test are given in Table 2 herewith. In one of the heats 
under test, namely, heat 10,600, the 1400 F stress-relieving treat- 
ment appears to be effective in preventing graphitization, 
whereas in heats 3099 and 6347 graphite was found in the samples 
that received the 1400 F treatment. Further study is to be 
made of the time-temperature relationship of various heat- 
treatments in that temperature range. 

Each of the three heats was judged to be ‘‘normal” in the Mc- 
Quaid-Ehn test. Heat 6347 had the most clearly defined nor- 
mal structure and was classed “Type 1,” while the other two 
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Six specimens of each of the three types of steel were examined. 
Although each of the three steels was highly “abnormal,” which 
indicated that graphitization might have been expected in the 
carbon and carbon-molybdenum samples, no clearly defined 
graphite was found in any of the samples. While this result is 
different from that reported in the paper by Dr. Hoyt, it should 
be remembered that the samples obtained from Professor Sol- 
berg, and here referred to, were tested at 1200 F instead of at. 
1025 F. The range of stresses under which the samples were: 
tested as well as the hours of test are shown in Table 3 of this dis- 
cussion. The absence of graphitization in the carbon and 
carbon-molybdenum samples, even though abnormal, may 
have been due to lowering of the Ac temperature for the steels: 
as a result of stress at the relatively high temperature of test. 
Because of its alloy content it is unlikely that graphitization 
would occur in the chromium-molybdenum samples. 

In other work a probable indication of graphitization as in- 
fluenced by stress was found in a failed low-carbon superheater 
tube. Creep failure had occurred as a longitudinal crack at the 
front of the tube due to overheating. It was interesting to note 


9"Stress-Rupture Characteristics of Various Steels in Steam at 
1200 l',” by J. T. Agnew, G. A. Hawkins, and H. L. Solberg, Trans. 


Fic. 11. Grapurrization Arrer 59,000 Hr or Service ForLtowep AS.M.E., vol. 68, 1946, pp. 309-315. 


spy 6000 Hr or Laporarory-Test-Hratine: 100 
TABLE 3 STRESS-RUPTURE TEST IN 1200 F STEAM 


Type Stress during Duration of 
of est, est, 
steel psi? hr¢ Result 

Lee LO Wi CATON ss visi 4740 4620 No graphite 
2 Lowcarbon>......... 5770 3588 No graphite 
3 Low carbon>.. 6800 857 No graphite 
4 Low carbon?.. 7000 1261 No graphite 
5 Lowcarbond......... 12500 10 No graphite 
6 Lowcarbond......... 16000 27 _No graphite 
7 Carbon-0.50 Mo?..... 6900 7590 No graphite 
8 Carbon-0.50 Mo?..... 7400 1300 No graphite 
9 Carbon-0.50 Mo.®.... 7800 3047 No graphite: 
10 Carbon-0.50 Mod..... 9100 312 No graphite 
11 Carbon-0.50 Mo?..... 10700 696 No graphite 
12 Carbon-0.50 Mobd..... 16000 144 No graphite: 
13 2-1/, Cr-1 Mob.. 8400 1519 No graphite: 
14 2-1/4 Cr-1 Mobd....... 8400 1908 No graphite: 
15 2-1/4 Cr-1 Mobd....... 9200 2885 No graphite 
16 2-1/4 Cr-1 Mob....... 10400 1114 No graphite 
Vin 2at/a:Cr-l Mote nes. 11300 226 No graphite 
Fic. 12 Brenp Specimpns or WELDED SAMPLES THAT WERE LaBo- 18 2-1/s Cr-1 Mob....... 14400 46 No graphite 


RATORY-HEATED AFTER REMOVAL FROM SERVICE mipadiucntiniversity datas 
b “Abnormal” in the McQuaid-Ehn test. 


TABLE 2 GRAPHITIZATION TEST OF LOW-ALUMINUM CAR- 
BON-MOLYBDENUM PIPE MATERIAL 


¢ (Test temperature varied between 950 and 1150 F) 
aaaeees =) drawn——~ —Normalized 1725 F— 


8 - = As - 
welded 1200 F 1400 F welded 1200F 1400F 


‘fi Heat 3099 
: 1500 hr... None None Little None None Little 
2500 br... Little Little Increased Little Little Increased 
Heat 6347 
1500 hr... None None None None None None 
2500 hr... None None Trace None None Trace 
Heat 10,600 
1500 hr... Little Little None Little None None 
2500 hr... Increased Increased None None None None 


heats were classed as “Type 2.”’ At the end of 2500 hr of test 
the least amount of graphite was found in the samples of the steel 
classed as having Type 1 normality. : 

; With respect to the influence of strain in promoting graphitiza- 
tion, as given in the paper, the results obtained from an exami- 
nation of stress-rupture samples may be of interest. Stress-rupture 
samples of low-carbon carbon-molybdenum, and chromium- 
molybdenum steel that had been tested at Purdue University in 

f 1200 F steam, were examined for graphitization by the writer. 
These samples have been discussed in detail in a paper byveu: 
Agnew, G. A. Hawkins, and H. L. Solberg. The samples were 
obtained through the courtesy of Professor Solberg and were ex- 
amined for the presence of possible graphitization and for deter-  fyg. 13 Grapurre in a Low-Carson Sreet, 1/ -In-OD Surrr- 

mination of their response to the McQuaid-Ehn test. HEATER TuBE; 100 
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that graphitization had occurred parallel to the failure and at a 
short distance at either side of the failure where it appeared to be 
localized as a result of probable critical stressing of the tube wall. 
Graphitization found in the tube, is:shown in Fig. 13 of this 
discussion. This is believed to:be one of the few instances re- 
ported of the occurrence of graphitization in tubing smaller than 
‘4 in. diam. 


AvutTuHors’ CLOSURE 


The authors appreciate Mr. McCutchan’s thoughtful analysis 
of the present status of the graphitization situation. The deter- 
mination of the creep strength of pipe steel in various struc- 
tural conditions does not come within the scope of the investi- 
gation of graphitization, but they concur in Mr. McCutchan’s 
comments. As for possible effects of hot-upsetting, we have 
examined many samples which compared structures produced 
by heating the steel to 1650 and 2200 F, respectively, and have 
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observed no significant difference in graphitization. Therefore 
it seems unlikely that the structure from hot-upsetting is sig- 
nificant though, of course, there may be other effects of that 
operation which are. 

The discussion of Mr. Rohrigis“an important contribution and 
is greatly appreciated. Referring to the stress-relieving treat- 
ment just above the critical temperature, that was devised to 
eliminate the structure of the heat-affected zone and hence to 
remove what was thought to be the particular reason for the 
highly segregated type of graphite. The treatment at about 
1400 F appears to be successful, though our experiments have 
shown that the random type of graphitization may actually be 
accelerated. Of course, it is only a corrective treatment and 
would not be needed with the right kind of steel. The other data 
which are contributed by Mr. Rohrig are all pertinent to the 
broad problem and are a welcome addition to the E.E.1.-A.E.1.C. 
program. 


Fig, 1 


4-KerL, Test-Biock Casting SHOWING GATE 
AND RISER 


Fig. 2 4-Krev Test-Biocx Castine, Drac Sipe, SHowi1neG Cov- 
pons MBASURING APPROXIMATELY 1 X 1 X 6 In. i 


Studies on Susceptibility of Casting | 
Steels to Graphitization | 


By J. J. KANTER,! CHICAGO, ILL. 


This is a progress report for project No. 29 of the Joint 
A.S.T.M.-A.S.M.E. Committee on Effect of Temperature 
on the Properties of Metals. One of the activities under- 
taken by project No. 29 has been the study of certain as- 
pects of the graphitization problem applying to the car- 
bon-molybdenum casting steels used in welded piping 
structures. The steels so involved are of the types covered 
in A.S.T.M. Specifications A217 covering Pressure Alloy 
Castings Suitable for Fusion Welding such as valves, 
flanges, fittings, and other pressure-containing parts for 
high-temperature services. This investigation was under- 
taken in co-operation with the Manufacturers Standardi- 
zation Society (M.S.S.) of the Valve and Fitting Industry, 
through a committee representing the constituent manu- 
facturers engaged in the founding and manufacture of 
steel valves, flanges, and fittings.” 


program of tests was adopted by a group of manufactur- 
ers? from the valve and fitting industry for comparing 
the graphitization susceptibilities and general high- 
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2The various manufacturers contributing steel test castings 
and investigational services include the following: Chapman 
Valve Manufacturing Company, Crane Company, Edward Valve and 
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Company, Reading-Pratt & Cady Division, Walworth Company. 
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temperature stability of weldable grades of alloy cast steel using 
test castings in the form of a 4-keel block. This block, used by 
all of the investigators, is cast in green sand with the keels in the 
drag position, each fed from an end and through a risered mass 
above the keels as illustrated in Figs. 1 and 2. Fig. 1 shows the 
orientation of the casting as it is made, while Fig. 2 is a view 
of the four keels and the manner in which they are fed is more 
apparent. 

The keels were removed from the blocks by sawing after heat- 
treatment, consisting of normalizing and drawing. The sawed 
surfaces of these keels were then machined flat. Upon the ma- 
chined surface was deposited a single bead weld as illustrated in 
Fig. 3. The procedure in laying on the bead was essentially 
that established at Battelle Memorial Institute for the studies 
sponsored jointly by B.E.1-A.E.1.C. The steel test coupon is 
placed in water at 60 to 65 F, at a level !/,-in. below the face 
machined for depositing, using end slugs for starting and finish- 
ing the bead. Using a °/s:-in-diam type 7010 (C-Mo 0.50) elec~ 
trode and a travel of approximately 6 ipm, the bead is deposited! 
with direct-current negative polarity, at 25 to 30 volts and t25 to, 
135 amp. 

After deposition of beads, the test specimens were given & 
stress-relieving heat-treatment at 1200 F. A cross. section off 
a bead so deposited is illustrated in Fig. 4, showing the structure: 
gradient between heat-affected zone and parent metal thus; pro— 
vided for study of susceptibility to segregated graphitization: 
upon aging. 

Drawing upon the experience at Battelle Memorial, Institute: 
in the E.E.1.-A.E.L.C. studies, aging treatments on. the weld-bead 
cast-steel specimens have been made at 1025, F to, attain an 
accelerated indication of graphitization susceptibility. Ctxr- 
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Fie. 4 Evcurep Section From Srecimen SHown InN Fic. 3 at 3 
Diam 


rently, a number of studies in these series of tests are available 
for aging periods up to about 6000 hr and the specimens are 
continuing to age in furnaces at four of the co-operating labora- 
tories. One of the furnace installations being so used exclu- 
sively for graphitization agings at 1025 F is shown in Fig. 5. 

The original plan of the M.S.S. group was to survey the dif- 
ference in graphitization susceptibility and stability of high-tem- 
perature properties in the carbon-molybdenum east steels as 
made by various electric melting processes, namely, acid arc, 
basic arc, induction. Test heats by these processes were 
separately made using two types of deoxidation practice, 
including silicon addition, and silicon addition plus 2 lb aluminum 
per ton. ; 

Almost unanimously, the co-operators reported difficulty and 
inability to obtain test-block castings free of “pinholes” using the 
straight silicon addition and it did not appear practicable from 
the standpoint of steel-pressure-vessel founding to consider such a 
practice. It was therefore decided to add another series of test 
materials using silicon addition plus 1/2 lb aluminum per ton, 
which produced reasonably satisfactory test-block castings. 
Through this additional series of test castings it was expected 
that a variety of residual metallic aluminum contents would be 


Fig. 5 One or Four InstraLuations or FurRNAcES IN USE FOR 
AGING WELD-BEAD SPECIMENS SHOWN IN Fie. 3 


obtained among the various heats, which would afford a basis for 
correlation with graphitization susceptibility. 

Each co-operator furnished another set of test blocks by one or 
more of the electric melting processes containing 0.5 per cent of 
chromium in addition to the 0.5 per cent of molybdenum. 
These chromium-bearing castings were all made using the silicon 
plus 2 lb per ton aluminum-killing practice. 


RESULTS OF STUDIES 


The results of the studies from the cast-steel test bars upon 
observation after agings up to 6000 hr seem to bear out the al- 
ready well-known contention that aluminum additions to carbon- 
molybdenum steels make for graphitization susceptibility as 
will be apparent from the comparison of photomicrographs, Fig. 
6. A companion McQuaid-Ehn carburized structure is shown 
on this chart for each of the aged structures. It becomes further 
apparent that these tend to substantiate the Kerr-Eberle con- 
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tention that “abnormal” structure by this criterion is an index of 
graphitization susceptibility in aluminum-treated carbon- 
molybdenum steels. This rule, however, does not necessarily 
apply to the steels having chromium additions. Study of 
microstructures indicates that the particular kind of electric- 
furnace process, all other factors being equal, is a minor in- 
fluence as regards graphitization susceptibility. 

One generalization which seems to apply with regard to the 
tests under discussion as well as much other observation, is that 
the inception of spheroidization agglomeration or coalescence 
of the carbide precedes its breakdown to graphite. A number of 
examples have been observed where in a single microfield, one 
spheroidized-carbide area will show graphite nodules, whereas an 
adjacent lamellar-carbide area will show no signs of graphite. 
Where chromium or other alloying ingredients prove effective in 
preventing graphitization under a certain condition of thermal 
history, the inhibition seems to be associated with resistance to 
spheroidization of the carbide. The susceptibility of aluminum- 
treated steel to graphitization seems to be associated with an 
accelerated tendency toward spheroidization. 

In previous reports by the Joint A.S.T.M.-A.S.M.E, Com- 
mittee, it has been apparent that strong aluminum treatment 
of steels led to easy spheroidization and consequent lack of creep 
resistance. 

Proposals have been made to the effect that graphitization at 
the margin of the heat-affected zone or ‘‘contact zone’’ might be 
forestalled, or at least reduced to an impotent nature by a grain- 
refining normalizing heat-treatment subsequent to the welding 
operation. That such a treatment may not be effective in the 
case of a susceptible cast steel is evidenced by the micrographs, 
Fig. 7, comparing one of the weld-bead specimens normalized 
after deposition. It is seen that “contact zone” graphite has not 
been inhibited in this specimen. The transformation resulting 
from welding in the heat-affected zone seems to have some per- 
sistent effect, although it does appear that the zone of segregated 
graphite is somewhat broader, diffuses, and perhaps requires 
longer aging to detect. Studies upon more specimens normalized 
after welding are needed to clarify the effect. 


CHROMIUM IN Cast STEELS 


In so far as the cast-steel studies have progressed (3000 to 
5000 hr of aging), no definite evidence of graphitization has be- 
come apparent in any of the samples containing chromium in the 
“range of 0.48 to 0.70 per cent as witnessed by Fig. 8, where rela- 
tively spheroidization-resistant carbides are well defined. It 
should be noted that the lowest chromium content is 0.48 and that 
the time periods involved are as yet relatively short and incon- 
clusive. 

It may eventually be determined that resistance to spheroidiza- 
tion is a necessary and perhaps sufficient condition to prevent 
graphitization over an expected service period. 

Specimens of a number of the cast steels upon which the graphi- 
tization studies are being made are aging for the eventual pur- 
pose of making creep-strength studies on structures representing 
various stages of carbide deterioration. It has become quite ap- 
parent that graphitization has occurred in some of the coupons 
being aged for creep tests after advanced spheroidization of the 
carbide had developed. In the case of carbon-molybdenum steel 
with 2 lb per ton of aluminum addition, well-developed graphite is 
apparent after about 4000 hr of aging at 1025 F. The coupons 
containing 0.50 per cent chromium have shown no definite evi- 
dence of graphite after 5000 hr of aging. The committee has 
decided to continue the aging of all coupons for creep tests up 
to at least 10,000 hr before considering the starting of creep-rate 
determinations upon any of them. 
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Discussion 


I. A. Rouric.? This report shows that under suitable condi- 
tions graphitization may readily occur in cast as well as in 
wrought carbon-molybdenum steels. The observation of an 
apparent ‘persistent effect” resulting in segregated graphite in 
the heat-affected area of a weld even after normalizing is of 
particular significance because normalizing has appeared to be 
the most effective postwelding treatment for preventing seg- 
regated graphite. With respect to the normalizing of welds, the 
results of laboratory graphitization tests conducted on normal- 
ized welded samples by The Detroit Edison Company may be of 
interest. 

A sample of high-aluminum carbon-molybdenum pipe mate- 


3 Research Department, The Detroit Edison Company, Detroit, 
Mich. 


i 


Fic. 9 SEGREGATED GRAPHITE IN THE Heat-ArrecTED ARBA OF 
“As-WELDED’’? CARBON-MOLYDBENUM SAMPLE AFTER 10,300 Hr or 
Lasporatory Test Heatine 


Fie. 10 RanpoM GRAPHITE IN FoRMER HEAtT-AFFECTED ARBA OF A 
NorMatizeED WELD IN CarBon-MoLyBDENUM SAMPLE THaT Was 
LaBoraTory-HeATep For 10,300 Hr Arrer NoRMALIZING 
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rial was welded to low-aluminum material and then normalized 
by heating for 1 hr at 1725 F, followed by air-cooling. To pro- 
mote graphitization, ‘‘as-welded” as well as “normalized” samples 
were heated at temperatures varied between 1000 and 1060 
F for 3300 hr, and then at temperatures varied between 900 and 
1150 F for an additional 7000 hr. After a total time of 10,300 
hr of test heating, the as-welded samples showed a distinct 
segregation of nodular graphite in the heat-affected area whereas 
the normalized samples showed only random graphitization. 
Segregated graphite in the heat-affected area of as-welded 
high-aluminum material is shown in Fig. 9 of this discussion. 
Random graphitization at the former heat-affected area of the 
sample that was normalized after welding is shown in Fig. 10. 
Similar results were found in the low-aluminum material with the 
exception that considerably less graphite was present. 

These results indicated that the normalizing treatment of 
1 hr at 1725 F had been fully effective in removing the nucleation 
effect resulting from the heat of welding. Kerr and Eberle‘ 
have also reported on the apparent beneficial effect of normalizing 
after welding as a means of preventing the formation of segre- 
gated graphite. The results obtained from test prompt the sug- 
gestion therefore that the normalizing treatment used by 
the author, and which is not stated in the paper, may not have 
been fully effective in reconstituting and homogenizing the 
structure of the heat-affected area in his sample. 

The author’s suggestion that resistance to spheroidization 
may be a necessary and perhaps sufficient condition to prevent 
graphitization is probably based upon the hypothesis that 
spheroidization is the first stage of graphitization. Referring 
again to the work of Kerr and Eberle,‘ it is noted that they have 
reported on a number of cases in which steels that had spheroid- 
ized were found to be resistant to graphitization. Although 
spheroidization and graphitization may be parallel phenomena 
in steel at high temperature, it does not necessarily follow that 
spheroidization is the first stage of graphitization. In this as- 
sociation it might be pointed out that although the photomicro- 
graphs presented in Fig. 6 of the paper, are for the apparent pur- 


4 Graphitization of Low-Carbon and Low Carbon-Molybdenum 
Steels” by H. J. Kerr and F. Eberle, A.S.M.E. pamphlet ‘‘Graphitiza- 
tion of Steel Piping,’’ included in Trans. A.S.M.E., vol. 67, 1945. 


pose of showing the graphitization susceptibility of the alumi- 
num-treated sample in contrast with the graphitization resist- 
ance of the sample having no aluminum addition, the two samples 
appear to be about equally spheroidized. 


AutHor’s CLOSURE 


Mr. Rohrig’s evidence that a sample of high-aluminum carbon- 
molybdenum pipe material, welded and normalized at 1725 F 
showed only random graphitization, is in interesting contrast 
to that on the carbon-molybdenum cast steels studied in the 
Project No. 29 investigation. Of seven different heats of carbon- 
molybdenum steel with 2 lb of aluminum addition per ton and 
normalized at 1650 F for one hour after welding by the various 
contributors of the specimens, all specimens showed a develop- 
ment of graphite after 5,000 hours of aging at 1025 F, of which 
the “contact”? zone photomicrographs of Fig. 7 are typical. 
Since the presentation of the report in question, these aging 
tests have progressed far enough to show that upon 10,000 hours, 
the average degree of contact zone graphitization for the seven 
heats of steel normalized after welding is about the average 
degree. which was obtained for a group of six similar heats of steel 
stress-relieved only after welding upon 4000 hours of aging. 
This degree of deterioration represents about one thid of the 
carbon transformed to graphite. While normalizing has served 
to retard the development of graphite at the contact zone, it 
by no means promises to be a satisfactory measure of control 
for the carbon-molybdenum cast steels. 

Mr. Rohrig questions the observation that spheroidization of 
carbide is a prelude to graphitization and supports his objection 
by pointing out that certain samples reported upon showed 
spheroidization but no graphitization. However, since the report 
was presented, examinations after 10,000 hours of aging at 1025 F 
have revealed further spheroidization and graphitization in a 
number of samples where it had not been found after 5000 hours, 
including those containing one half of one per cent of chromium, 
thus indicating that the development of graphite in sequence to 
spheroidization may be an eventual effect to be always con- 
sidered relative to aging time, temperature stress, and the compo- 
sition of the steel. 
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Comparative Graphitization of Some Low- 
Carbon Steels With and Without 
Molybdenum and Chromium 


By G. V. SMITH,! S. H. BRAMBIR,! anp W. G. BENZ? 


Study of several experimental heats of steel containing 
0.5 per cent molybdenum and up to 1.20 per cent chro- 
mium showed that in steels containing 0.5 per cent or 
more of chromium, no graphitization occurred in 3000 
hr at 1025 F; but this finding requires confirmation by 
study of additional heats, particularly of commercial 


manufacture. Additional studies relating to the effect 


~ of deoxidation practice, particularly in plain carbon steels, 


and of the effect of posttreatment of welds on graphitiza- 
tion are described. 


INTRODUCTION AND SUMMARY 


N continuation of investigations (1, 2, 3)? begun shortly after 
the now well-publicized pipe failure at the Springdale Gener- 
ating Station of the West Penn Power Company (4), we have 

studied the occurrence of graphitization in the following samples: 


1. Unwelded samples of 10 heats of 0.1-0.2 per cent carbon 
steel made and deoxidized differently. 

2 A series of experimental heats of chromium-molybdenum 
steels to ascertain the effectiveness of chromium in preventing 
graphitization. 

3 Molybdenum steel treated to simulate the structures occur- 
ring in the heat-affected region of a weld. 

4 Molybdenum steel (0.5 per cent), which had been heated at 
1300 F after welding, as a means of preventing localized graphi- 
tization in the heat-affected region. 


The results are as follows: 


1 In normalized samples from ten heats of 0.1-0.2 per cent 
carbon steel of different manufacturing and deoxidation practice 
exposed for 2000-3000 hr at 1025 F, graphite formed in only four 
steels. These four had been deoxidized with 2 lb or more of 
aluminum per ton of steel and were fine-grained and moderately 
abnormal in the carburizing test. Steels with 1 lb or less of 


‘aluminum per ton did not graphitize, even though in some cases 


slightly or moderately abnormal. 

2 The results indicate that in a 0.5 per cent molybdenum 
steel at least 0.5 per cent chromium is necessary to prevent 
graphitization, but do not prove that this would always suffice. 
Experimental heats containing 0.5 per cent or more of chromium 
did not graphitize under the conditions of our experiments, no 
matter how they were deoxidized or treated before or after 
welding. This inference should be checked by additional tests 
on commercial heats, however, since, although a 0.25 per cent 


1 Research Laboratory, United States Steel Corporation, Kearny, 
ING 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Com- 
mittee on Effect of Temperatures on the Properties of Metals and 
presented at the Annual Meeting, New York, N. Y., Nov. 26-29, 
1945, of Tur AMERICAN SOCIETY OF MeEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


chromium—0.5 per cent molybdenum steel, deoxidized with more 
than 1 Ib of aluminum, graphitized locally under certain condi- 
tions, a similar steel without chromium didnot. Graphite did not 
form in the 0.25 per cent chromium—40.5 per cent molybdenum 
steel when the welded sample had been heated to 1300 F for 4 hr 
prior to exposure at 1025 F. 

3 Simulation of the temperature-time cycles which occur 
during welding indicated that the maximum amount of graphite 
appears in that zone of the weld-heat-affected region which 
reached a temperature in the vicinity of 1400 F. This tempera- 
ture is only an approximation and is interrelated with the time at 
temperature and cooling rate. Further confirmation was ob- 
tained of the efficacy of a 1300 F treatment, prior to simulated 
service, in preventing graphitization. 

4 Inasample of pipe from the Schuylkill Generating Station 
normalized from 1650 F, graphitization was entirely suppressed 
by a treatment of 4 hr at 1300 F after welding and prior to 
simulated service. On the other hand, similar tests on samples 
which had not been normalized showed some graphite; exposure 
for 8 and 12 hr, instead of 4, at 1300 F still further reduced the 
amount of graphite to the point where it could hardly warrant 
concern. 


I Grapairimarion or TEN Carson Sreets (0.1-0.2 Por CENT 
Carson), Mave anp Deoxipizep Dirrerentiy, at 1025 Fr 


Because of indications that manufacturing and deoxidation 
practices affect the tendency to formation of graphite in steels, we 
exposed samples of ten commercial carbon steels which happened 
to be available, in a furnace at 1025 F for a period of (a) 1000 hr, 
(b) 2000 hr, and (c) in the case of Nos. 1, 2, and 3, 3000 hr. The 
samples were examined metallographically for the presence of 
graphite, with results given in Table 1, along with the composition 
and mode of deoxidation of each steel. Each steel had initially 
been normalized from 1650 F; the samples were 3 in. long and 
3/, to 1 in. thick. We also carburized* a sample of each steel 
and determined the resulting grain size and structure “normality” 
because of the recent claim that degree of ‘‘abnormality” is an 
indicator of tendency to graphitize. 

Graphite was detected in only four of these ten steels, namely, 
in Nos. 7, 8, 9, and 10, as illustrated in Fig. 1. These four 
comprise all which had been deoxidized with 2 lb or more of 
aluminum, had residual aluminum in excess of 0.025 per cent, and 
were fine-grained; on the other hand, the six which did not 
graphitize had been deoxidized with not more than 1 lb of 
aluminum, had less than 0.007 per cent residual aluminum, and 
were coarse-grained. The four which graphitized were moder- 
ately abnormal, but so were some of those (Nos. 4 and 5) 
which did not; thus these limited data indicate that although 
earbon steels which graphitize are abnormal, the converse is not 
necessarily true. Consequently, the normality cannot be re- 
garded as a reliable indicator of tendency to graphitize. More- 


3 By holding 8 hr at 1700 F ina commercial carburizing compound 
(Houghton’s Pearlite No. 50) and furnace-cooling at a rate which 
averaged 4 deg F per minute in the range 1700 to 1000 F. 
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TABLE 1 CHEMICAL ANALYSIS, DEOXIDATION PRACTICE, CARBURIZED GRAIN SIZE AND STRUCTURE NORMALITY, AND 
GRAPHITIZATION SUSCEPTIBILITY OF TEN HEATS OF CARBON STEEL 


After carburizing test Graphitization at 1025 Fe 


Main deoxidizers Chemical analysis® AS.T.M. Structure 1000 - 2000 3000 
Grade No. added,®* in lb perton C Mn P Si Al grain size normality hr hr br 
Open-hearth, 0.15 carbon.......... 1 FeSi 1Al 0.13 0.45 0.011 0.19 0.007 24 Slighily No No No 
abnormal 
Open-hearth, 0.15 carbon.......... 2 FeSi 1(/:Al4FeCTi 0.14 0.47 0.008 0.21 0.004 14 Slightly No No No 
abnormal 
Open-hearth, 0.15 carbon........ ; 3 FeSi 6FeCTi 0.14 0.46 0.009 0.19 0.005 3-4 Slightly No No No 
abnormal 
Capped open-hearth..... oe er : 4 1/,Al 0.07 0.45 0.006 0.01  ... 14 Moderately No No 
abnormal 
Capped bessemer........- 5 0.08 0.38 0.079 90.01 5 23 Moderately No No 
abnormal 
Grade B, Si-killed........ es 2 6 FeSi 0.27 0.52 0.016 0.22 0.006 24 Normal No No 
Grade B, Si-Al-killed... - 7 FeSi 2Al 0.24 0.86 0.013 0.23 0.033 7-3 Moderately Slight Slight _ 
abnormal amount amount 
Grade.XB, bessemer.; 225-5 <- 2. 8 FeSi 4Al 0.14 0.54 0.074 0.19 0.025 7-38 Moderately Yes Yes 
; abnormal 
Grade XB, bessemer.....-...- tis 9 FeSi 3Al 0.13 0.48 0.087 0.21 0.047 73 Moderately Yes Yes 
abnormal 
Grade XB, bessemer, Al-killed...... 10 4Al 0.18 0.51 0.077 0.03 0.056 8 Moderately Yes Yes 
abnormal 


* Other than FeMn which was added in all steels. 
® Sulphur was less than 0.04 in all steels. 
© No—none detected. 


qos 


alge gehen 


Fic. 1 Type snp Amount or Grapuire 1s Normatizep Cargson STeets 
(a, No. 7; 5, No. 8; c, No. 9: d, No. 10 of Table 1, after 1000 hr at 1025 F. Picral eteh; 500.) 
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over, according to these observations, the amount of residual 
aluminum, even though the accuracy of the analytical procedure 
is uncertain, appears to be a better indicator of tendency to 
graphitize than is the abnormality of the carburizing test. 

The amount of graphite was greatest in steel 9, and progres- 
sively less in Nos. 8, 10, and 7, as determined by count- 
ing the number of nodules in the following manner: In an area at 
the center of the 3/,-in. X 1-in. polished but unetched surface, the 
number of nodules in 50 fields 1 mm apart was determined after 
both 1000 and 2000 hr at 1025 F. To test whether a sufficient 
number of observations had been made to obtain a true picture, a 
second set of 50 observations was made, midway between the 
original ones. The results are giveo in Table 2. 


TABLE2 NUMBER OF GRAPHITE NODULES IN STEEL SAMPLES 


TOUS Ate ek of nodules in 
Steel no. 1025 F First 50 fields Second 50 fields Total 100 fields 

i 1000 o 2 4 
2000 4 9 13 

8 1000 77 88 165 
2000 123 114 237 

1000 191 202 393 

2000 272 257 529 

10 1000 16 22 38 
2000 31 28 59 


Taking into account both this number and the size of the nod- 
ules in Fig. 1, it is evident that the amount of graphite is greatest 
in steel 9 and progressively less in steels 8, 10, and 7. It was 
hoped that the counts would also provide an indication of whether 
the number of graphite nuclei is limited or increases with time. 
The data appear, on first thought, to show an increase; but when 
it is considered that nodules already present continue to grow, 
and that the chance of intersecting a nodule (by the plane of 
polish) increases with its size, it is realized that the evidence is in- 
sufficient to permit any decision on the matter.‘ It can be said, 
however, that if new nodules form, their rate of appearance be- 
tween 1000 and 2000 hr at 1025 F is not great. 


4 If the nodules were uniform in size (which they probably are‘not), 
the number counted should increase in proportion to the increase in 
radius, and since this number did not even double (except for steel 7), 
it would be necessary to make precise measurements of nodule size 
and size distribution. 
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Fic. 2. Lonerrupinau Cross Section or WeLp SAMPLE EMPLOYED 


in Seconp SECTION or PAPER 
(Weld deposited for 1/2, 1, 2, 4, or 8 sec. Nital-picral etch; X1.) 


The amount of graphite in the several steels could not be corre- 
lated with chemical composition nor with initial microstructure. 


Il ErrecrivENess oF CHROMIUM IN PREVENTING GRAPHITIZA- 
TION OF 0.5 Per Cent MonyspENUM STEEL 


Among the suggestions for preventing graphitization in 0.5 per 
cent molybdenum steel is that of adding chromium, which is one 
of a group of elements that, when present in sufficient proportion, 
combine with carbon in steel to form so-called alloy carbides. 
Molybdenum, also one of this group, is reputed (5) to possess 
stronger affinity for carbon and presumably forms a more stable 
earbide than does chromium; consequently, if carbide stability is 
a factor, there is no a priori reason for thinking that chromium 
addition will be more effective than equivalent increase in 
molybdenum. 

Materials and Procedure. In an effort to ascertain whether 
chromium is effective in preventing graphitization and, if so, the 
minimum amount necessary, we investigated a number of heats 
with 0.5 per cent molybdenum and up to 1.20 per ceat chromium, 
deoxidized with 1/, or 11/, lb of aluminum per ton or with ferro- 
silicon-zirconium, as listed in Table 3. These were 20-lb induc- 
tion-furnace heats, forged to 1/2-in. X 1-in. bars, which were cut 
into 3-in. lengths. Two specimens of each were heated at 1450, 
1650, or 2200 F for 4/2 hr and air-cooled. After rough-grinding 
to remove scale, five weld deposits were made on each sample, as 
illustrated in Fig. 2, using molybdenum-steel weld rod (8/,-in. 
Murex C-Mo 50); the rod was held for 1/2, 1, 2, 4, or 8 sec at 
different locations, the sample being cooled to room temperature 
before each deposit. In this manner, it was hoped that the effect 
of steepness of the temperature gradient through the heat-affected 

region during welding 
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Norp: Sulphur and phosphorus were less than 0.035 or 0.01 per cent, respectively, in steels I, J, K, and L and were 


not determined in the remainder, 


We also carburized 
a sample of each steel, 


Fic. 3. GRAPHITE IN Hrat-AFrEcTED ZONE OF WELD IN STEEL 
1/9 Mo-!/4 Cr, Arter 3000 Hr at 1025 F 


(Pieral etch: 500.) 


and determined the resulting grain size and normality, with re- 
sults given in Table 3. 

Results and Discussion. Only two samples definitely graphi- 
tized; these were both of steel D, 0.25 per cent chromium-0.5 
molybdenum, deoxidized with 1!/, lb of aluminum per ton. In 
the samples of this steel normalized from 1450 or from 1650 F 
before welding, graphite formed in the heat-affected region of 
all welds, the amount being not appreciably different among the 
welds, contrary to our earlier finding (3). The graphite nodules 
were quite small, Fig. 3, and only a very few were found in un- 
affected base metal. No graphite was observed in the com- 
panion samples heated 4 hr at 1300 F after welding and prior to 
exposure at 1025 F, in further confirmation of the efficacy of this 
proposed preventive treatment (1, 3), nor was any found in sam- 
ples previously normalized from 2200 F, confirming a tendency, 
reported earlier (3), toward increased resistance to graphitization 
of structures resulting from normalizing at high temperature. 

None of the others showed any graphite in any condition of 
prior or posttreatment, with the possible exception of B, normal- 
ized at 1650 F before welding and not heated at 1300 F after 
welding. In this there were several widely scattered nodules 
which appeared to be graphite, but because they were so small and 
so few, we cannot be certain. That this steel did not graphitize 
more extensively, in one or more original conditions, was unex- 
pected, since it was thought that the molybdenum steel would be 
more prone than the chromium-molybdenum to form graphite. 

This possible inconsistency in bebavior emphasizes again the 
danger of basing claims on observations on a small number of 
heats; the results do indicate, however, that more than 0.25 per 
cent chromium must be present in order to inhibit localized 
graphitization. 

All these steels were to some extent ‘“‘abnormal” in the carbu- 
rizing test except I, the plain 0.5 per cent molybdenum steel de- 
oxidized with ferro-silicon-zirconium. Because of lack of graphi- 
tized steels in this series it is not possible to correlate 
“abnormality” with tendency to graphitization. However, the 
normality ratings are of some interest in themselves, showing, 
for example, that it is difficult to produce a strictly normal steel; 
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that 0.5 per cent molybdenum steel is ‘normal’? when deoxidized 
with ferro-silicon-zirconium confirms an earlier finding (7). 


III Srmuwarion or Srrucrures oF Heat-ArrecTED REGION 
WHiIcH GRAPHITIZE 


It has been shown that the zone of localized graphitization in 
welded molybdenum steels is that which during welding reached a 
temperature slightly above the lower critical, A; (1340 F). To 
learn more about this phenomenon, samples of a molybdenum 
steel, susceptible to graphitization, were heated for short times 
in the range 1350-1450 F, and gradiently cooled, thin samples 
being used to insure rapid temperature change. 

From a sample of Springdale Station® pipe, air-cooled as a 3/4- 
in. section after 1/, hr at 1650 F, a number of samples approxi- 
mately !/15 X 1/4 X lin. were prepared. Using a coke-covered, 
deoxidized lead bath held at constant temperature within the 
range 1350-1450 F, and tongs heated to the bath temperature, 
one end of a sample was grasped in the tongs, and the whole im- 
mersed in the lead bath for 1/. min; its free end was then 
immersed to a depth of 1/4 in., in water at room temperature 
and held until reasonably cool. A duplicate set of samples was: 
treated at each of the temperatures 1350, 1875, 1400, 1425, and 
1450 F. Each set was then sealed, in vacuo, in a silica bomb to 
prevent subsequent oxidation and decarburization, and one of 
these was heated at 1300 F for 41/2 hr; both were held for 1000, 
hr at 1025 F, and each sample was then examined metallo- 
graphically upon a longitudinal section for graphite. 

The samples were held for only 1/2 min in the lead bath, be- 
cause we thought this might simulate welding conditions. In such 
a short time at only slightly above the lower critical temperature, 
there is time for only partial transformation of ferrite and carbide 
to austenite, and the small regions, necessarily rich in carbon, of 
this latter constituent presumably set the stage for localized 
graphitization (1). The specimens were gradiently quenched to 
provide a progression of cooling velocities, one of which should 
correspond to the fairly fast rate of the heat-affected region of 
a weld. 

After 1000 hr at 1025 F, graphite was observed in each of the. 
five samples which had not received the 1300 F treatment, but 
not in any of the companion five which had been so treated. The. 
photomicrographs in Fig. 4, taken approximetely 1/, in. from the. 
quenched end, show a comparison of the five samples. The 1350) 
F sample showed no graphite in the quenched zone, Fig. 4(a), but 
there were a few small nodules in the tong-held end. At 1375 
F there was some graphite near the quenched end, Fig. 4(b), but 
practically none in the opposite end. The quenched zone of the 
1400 F specimen, Fig. 4(c), showed the maximum amount of any 
sample, and the tong-held end showed an intermediate amount. 
At 1425 F the amount in the quenched zone had decreased 
sharply, Fig. 4(d), and there was an appreciable amount in the 
tong-held end. At 1450 F there were very few nodules at either 
end, Fig. 4(e). : 

Thus these experiments indicate that graphite forms most, 
readily in that portion of the heat-affected region which, during. 
welding, was at a temperature in the neighborhood of 1400 F. 
This is only an approximation since our holding time of 1/2 min, 
may not exactly simulate welding conditions; the temperature in 
any event is not critical. The experiments also indicate that 
cooling rate is significant. That no graphite occurred in any 
sample postheated at 1300 F provides further confirmation (8), 
of the utility of this treatment.® 


IV PosrrrEaTMENT aT 1300 F as A PrevENTIVE OF LOCAL= 
IZED GRAPHITIZATION 
Sometime ago we suggested (1) that localized graphitization 


5 Of West Penn Power Company, where the problem first arose (4), 
6 See also the second and fourth sections of this paper. 
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Fic. 4. Representative REGION Near QuencHEeD E 
(Heated to a, 1350 F; 6, 1875 F; c, 1400 F; d, 1425 F; and e, 1450 F, for 


might be avoided by heating to 1300 F after welding and prior to 
service, and recently obtained experimental corroboration (3) of 
the efficacy of this treatment on samples of Springdale Station 
pipe.® 

Shortly after our results were published, H. Weisberg 
of Public Service Electric and Gas Company, reported privately 
that he had been unable to prevent graphite formation by using 
this suggested treatment although its amount had been reduced ; 
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ES OF 1/2 Per Cenr MOLYBDENUM STreeL 
then heated at 1025 F for 1000 hr. Picral 


he then kindly supplied us with a sample of his steel, which was 


used in the following experiments. 
‘The samples were reported to be from a 0.5 per cent molyb- 


denum-steel pipe manufactured by National Tube Company, 
Heat No. 6532, in 1937 to A.S.T.M. specification A158-36, Grade 
P-1, was deoxidized with 1.8 lb of aluminum per ton, and was 
furnished for the Philadelphia Electric Company’s Schuylkill 
Station as annealed between 1350 and 1400 F. It had not been 
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Hr at 1025 F 
(Picral etch: 500.) 


(a, As-received, not posttreated; b, as received, posttreated 4 hr at 1300 F; c, normalized 1650 F, not posttreated; d, normalized 1650 F, post- 
: treated 4 hr at 1300 F.) 


in service but had, in the course of Mr. Weisberg’s experiments, 
been subjected twice to a 1200 F “‘stress-relief” treatment. 

Since in our earlier experiments (3) with the Springdale Station 
pipe, we had normalized the samples prior to test, and since Mr. 
Weisberg had conducted his tests in the as-received condition, we 
decided to test in both conditions. Accordingly, two specimens 

approximately 1 X 21/4 X 33/s in. were prepared, one as received, 
the other normalized !/. hr at 1650 F. Upon each of these a 
‘narrow’? and a ‘‘wide’’ weld bead, illustrated in Fig. 6, were 
laid down according to the following conditions: 


Rrehestacnc pits <mitiersst Austere None 
Hlectrode rs vis essvecs oo is/evs Gussie Murex C-Mo 50 
Wreldetvpesjnccitcle sis cere teins Bead weld deposited in flat position 
Narrow Wide 
Currents alMpepints. seus csierne 200 285 
Arc#voltage, volts .).4..)ie ese 28 30 
Speeds ipmae fas eels de avales bles . 9 3 
Heat input, Btu perin............ 37 171 


The purpose in having both a narrow and a wide weld bead was to 


obtain further information on the effect of steepness of tempera— 
ture gradient in the heat-affected region. After welding, each: 
sample was cut in half and one half heated 4 hr at 1300 F and air- 
cooled; all four were then heated 1000 hr at 1025 F, sectioned, 
and examined microscopically. 

Figs. 5(a), (b), (c), and (d), representing the structure of the- 
low-temperature zone of the heat-affected region of the narrow 
weld bead of each sample, illustrate the results. In the as- 
received sample, not heated at 1300 F after welding, much 
graphite had formed, Fig. 5(a), but the companion section heated 
at 1300 F after welding showed considerably less, though there 
was some, Fig. 5(b), corroborating Mr. Weisberg’s finding. The 
sample normalized before welding also showed considerably less 
graphite, Fig. 5(c), and the companion section heated at 1300 F 
after welding showed none at all, confirming our earlier observa- 
tions on the normalized Springdale Station pipe. In those which 
had graphitized the amount was greater in the heat-affected region 
of the narrow than of the wide weld bead. Graphite was not ob-- 
served in the unaffected base metal of any sample. 


a 
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Fia.6 TRANSVERSE Cross SecTION OF WELD SAMPLE EMPLOYED IN 
Srecrion LV 
(Nital-picral etch: 2.) 


We do not know why graphite formed in the as-received but not 
in the normalized sample heated at 1300 F after welding. As 
apparent in Fig. 5, the as-received material was coarse-grained, 
indicative of a comparatively high temperature during its last 
supracritical treatment; this, however, probably would con- 
tribute to greater rather than to less resistance.’ One suspicious 
factor is the 1350-1400 F annealed condition in which presumably 
the steel was furnished, this being the range (see preceding sec- 
tion) in which the stage is set for graphitization in the heat- 
affected region of a weld. With this beginning, the two stress- 
relief treatments at 1200 F which the material had undergone, 
may have so stabilized the graphite nuclei that they were not 
dissolved by subsequent heating for 4 hr at 1300 I i.e., treat- 
ment at 1200 F may have initiated the formation of graphite, but 
was too short to result in visible nodules. Some credence is given 
to this hypothesis by the results of the following experiment: 

Upon another as-received sample a weld bead was laid under 
conditions identical with those just described for the narrow 
bead (since this produced more graphite). The sample was then 
cut in half, and one half heated for 8 hr, the other for 12 hr at 
1300 F; both were then exposed for 3000 hr at 1025 F and ex- 
amined microscopically. Both samples contained graphite in 
the heat-affected region, but in such small amount that it was 
difficult to find; Fig. 7 illustrates the largest amount. The 
amount appeared to be about the same in both samples,® and 
none was observed in the unaffected base metal of either. Thus 
longer heating at 1300 F resulted in considerably less graphite, 
presumably because the graphite nuclei had been dissolved or had 
reverted to carbide. 


7 See reference (3) and also the second section of this paper. 

8 In an earlier paper (2), we showed that graphite in a similar steel 
could be caused to revert to carbide by heating at 1300 I’. 

9 On afterthought, it is realized that the choice of 12 hours was 
poor; 16 or 24 hours would have been better. 
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Further Observation of Graphitization in 
Aluminum-Killed Carbon-Molybdenum- 
Steel Steam Piping 


By R. W. EMERSON! anp MATHEW MORROW? 


Among graphitization of steel pipe studies being carried 
on, the present one deals with what the authors have 
termed ‘“slip-plane” graphitization, which describes a 
condition of graphite segregation along slip planes where 
local “‘yielding’”’ or localized plastic deformation had 
previously occurred. Such graphitization has been found 
to vary widely from the outside to inside of a pipe and 
from quadrant to quadrant around the pipe periphery. 
It has been determined that “nodular” graphite segre- 
gation whether of the ‘“Gsotherm” or slip-plane type 
ts as effective as “chain” graphite in reducing the ductility 
of low-carbon or low-carbon-molybdenum steel. 


INTRODUCTION 


HE graphitization of steel containing less than 1 per cent 
carbon and particularly less than 0.2 per cent carbon, at 
subcritical temperatures although reported in the litera- 
ture (1)* was, prior to 1943, of little more than academic interest. 
The complete circumferential failure of a carbon-molybdenum- 
steel steam pipe in January, 19438, which was attributed to sub- 
critical graphitization, and the subsequent discovery of the same 
phenomenon in pipe lines in many other high-temperature steam 
power plants during the past 3 years has, however, resulted in the 
establishment of numerous intensive research programs which 
have been sponsored by both private industry and joint investi- 
gating committees. The results of these various investigations 
have been viewed by both the consumer and the producer with 
increasingly keen interest. 

A report of the failure mentioned was given, together with three 
other papers dealing with graphitization, before this Society in 
December, 1943 (2, 3, 4, 5). The many investigations which 
have been carried out during the past 3 years baye shown that 
graphite tends to segregate along the extremity of the heat- 
affected zones of welded joints, provided the steel is one in which 
the carbide is potentially unstable. 

In February, 1945, however, routine sampling of several joints 
at the Springdale Power Station, at which station the original 
failure occurred, revealed a condition of graphite segregation 
which was not only of a serious nature, but one which was totally 
different from anything previously encountered. Whereas the 
terms “isotherm” and “eyebrows’’ were used to describe graphite 
segregation encountered adjacent to welded joints, due both to 


1 Metallurgist, Pittsburgh Piping and Equipment Company, 
Pittsburgh, Pa. 

2 Assistant Metallurgist, Pittsburgh Piping and Equipment 
Company. 

3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Joint A.S.T.M.-A.S.M.E. Research Com- 
mittee on Effect of Temperature on the Properties of Metals and 
presented at the Annual Meeting, New York, N. Y., Nov. 26-29, 
1945, of THe AMERICAN Socrery or MrcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


the location and macroscopic appearance of the graphite, the 
authors have chosen in this case the term “slip-plane”’ graphitiza- 
tion, to describe a condition of graphite segregation which appears 
to have unquestionably occurred along slip planes where local 
“yielding” or localized plastic deformation had previously oc- 
curred. 

Although the discovery of slip-plane graphitization adds further 
to the general field of knowledge about graphitization, it also 
points to the over-all complexity of this general problem with 
which we are dealing. 


Location orf Suip-PLANE GRAPHITIZATION 


In sharp contrast to “Ggothermal” graphitization adjacent to 
welded joints, slip-plane graphitization varies markedly from ID 
to OD and from quadrant to quadrant on the pipe periphery. 
For this reason the location of the graphitized area with respect 
to the boiler lead in which the difficulty was found, as well as its 
location with respect to the original failure, is given in Fig. 1. 
Twelve inches of pipe, including the upset pipe end of No. 4 
boiler lead, was removed at the time of the failure in January, 
1948. This was replaced by a spool of pipe from one of the three 
heats of pipe originally used in this installation in 1937. This 
pipe, however, had never been in service and was used without 
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12 X In. Spool 


Fic. 2a PaANorAmic Virw orf GRAPHITIZATION AS FOUND IN 


SPECIMEN From Joint No. 4-1A, 12-In. Scu. 160 Pipn-ro-Pipzr Wetp; X1 


(Graphitization runs from OD to ID and on 45-deg angle with respect to longitudi- 
nal direction of pipe. Plastic deformation along planes of maximum shear stress is 
believed to be responsible for nucleation of graphite.) 


upsetting. Joints 4-1 and 4-1A as shown in Fig. 1, were welded, 
using a 400 F preheat and a 1200 F stress-relieving heat-treat- 
ment. 

In January, 1944 (1 year later), 1!/:-in-diam trepanned plugs 
were removed from both the inlet and outlet sides of joints 4-1A 
and the inlet (pipe) side of joint 4-2. Microscopic examination 
revealed incipient graphitization of the 12-in. spool as well as a 
mild reinfection (graphitization) of both the outlet side of joint 
4-1A and the inlet side of joint 4-2. Segregated graphite of a 
serious nature, however, was not present in the plugs examined. 

In February, 1945 (2 years later), ‘“‘weld-prober’”’ specimens 
were removed from the same two joints at approximately 45 deg 
from the location of the trepanned plugs. 

During the preparation of the specimen from joint 4-1A it was 
observed that two cracks were present in the old pipe which had 
all the characteristics of previously encountered graphite segrega- 
tion but which were in no way associated with the extremity of 
the heat-affected zone. Further examination revealed that these 
cracks, although extending from the OD toward the ID to adepth 
of °/s in., did not run transverse to the direction of rolling on the 
pipe circumference but rather at an angle of 45 deg to the direc- 
tion of rolling. The pattern of the cracks, as shown in Fig. 2, is 
typical of that which is produced in material which fails by shear. 

Inasmuch as this condition existed across the entire width of 
the weld-prober specimen and not knowing to what extent it con- 
tinued into the pipe or whether or not additional planes of graph- 
ite were present in the pipe remaining in service, it was deemed 
advisable to replace the entire bend between the superheater 
header and nonreturn valve as shown in Fig. 1. This pipe bend 
was accordingly removed on March 2, 1945, and replaced by a 
1 per cent chromium 0.5 per cent molybdenum steel having an 
analysis comparable to A.S.T.M. Specification A 213 Grade T-12. 
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Resuuts or’ Macroscoric INVESTIGATION 


In an effort to determine the extent of the grossly segregated 
slip-plane graphitization which was found in the weld-prober 
specimen from joint 4-1A, a 13-in. section from the bend was re- 
moved, comprising the joint mentioned, 4.75 in. of the 12-in-long 
spool which was installed at the time of failure, and 7.25 in. of 
the old pipe which had been in service since 1937, and which ex- 
tended to a distance of 19 in. from the original failure. 

Having previously found that: heavily segregated graphite 
could be made visible to the unaided eye by either rough-grinding 
or machining, the surface of the 13-in. length of pipe was “turned” 
in a lathe to obtain a clean machined surface on both the OD 
and ID (2, 12). 

After machining, the pipe section was stenciled in accordance 
with Fig. 3, and subsequently quarter-sectioned longitudinally. 
Before removing any test pieces, however, both the inside and 
outside pipe surface of each quarter-section was photographed. 
Figs. 4 to 7, inclusive, show the severity of slip-plane graphitiza- 
tion as revealed by surface-machining only. It is to be empha- 
sized that no special machining, grinding, polishing, or etching 
techniques are required to locate heavily segregated graphite 
such as shown in Figs. 4 to 7, inclusive. 

Several distinct lines of heavily segregated graphite, running 
at both a plus and minus 45-deg angle, can be seen in the upper 
right-hand corner in Fig. 4. (Section F-1 to J-2, inclusive, see 
Fig. 3.) A multitudinous number of fine lines of segregated 
graphite are also present in the upper center of Fig. 4. A good 
example of “isotherm” graphitization (graphite segregation at the 
extremity of a weld-heat-affected zone) is shown by the semi- 
circular pattern in the upper left of this figure. This condition 
was produced by the fillet-welding of a 1-in-sq bar to the pipe, ap- 
parently for mechanical reasons during the original erection of 
this piping. This in effect is the result of a ‘“‘weld-bead”’ test 
similar to that devised and used by Battelle Memorial Institute, 
and others in 1943, as a simple test for determining the suscepti- 
bility of steel to graphitization. The bead test shown in 
this illustration, however, was given an aging treatment of 935 to 
950 F for approximately 65,000 hr (actual operating conditions), 
as contrasted with the artificial accelerated aging tests of 2000 to 
8000 hr or longer at 1000 to 1050 F. Also present in Fig. 4 are 
several lines of graphite adjacent and running into weld joint 4-1A. 

Lines of heavily segregated graphite running at both plus and 
minus 45-deg angles as well as a multitudimous number of the 
finer lines of graphite were found in section K1 to 02 inclusive 
(see Fig. 3). This is shown in Fig. 5. In addition to the fore- 
going, many other small speckled patches of localized graphite 
segregation of unknown origin are present in this figure. It is to 
be pointed out that lines of heavily segregated graphite are not 
present in the location of the trepanned plug (upper left, Fig. 5) 
which was removed in January, 1944, This plug was removed 
from the side of the pipe at the location 02-P1 shown in Fig. 3. 
Metallographic evidence, however, indicated that not only was 
heavily segregated slip-plane graphitization present at the time 
this plug was removed in 1944, but that this condition actually 
existed at the time the 12-in. spool was welded into the line in 
January, 1943. When sampling pipe for evidences of slip-plane 
graphitization therefore it cannot be overemphasized that the 
mere fact that such a condition is not detected in a test specimen 
does not mean that such a condition is nonexistent in the general 
vicinity of such a test specimen. 

The location of the weld-prober specimen, the macrographs of 
which are shown in Fig. 2, is shown in Fig. 6 (section P1 to T2, in- 
clusive), and it may be seen that it was coincidental that the loca- 
tion was so chosen that the heavily segregated slip-plane graphi- 
tization was intersected by the specimen removed. Had the 
specimen been removed anywhere between section Al and E22 


* 
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this condition would have gone undetected, and this pipe might 
possibly still be in service. The longest length of slip-plane 
graphitization, shown in Fig. 6, was found to be 4.5 in. 

The inside pipe surface was machined to determine if the condi- 
tion described could be located on the inside pipe surface or if the 
graphite segregation found on the outside of the pipe had actually 
penetrated the entire pipe wall. The condition found on the 
inside pipe surface, although confined to sections F1 to M2, is 
believed to be even a more striking example of a graphitization 
pattern, the orientation of which is unquestionably the direct re- 
sult of stress. 

Having observed the macroscopic appearance of both the in- 
side and outside pipe surface, Figs. 8, 9, and 10 illustrate the 
graphite pattern found through the pipe wall at sections Il and 
Si, A roughly ground and unetched view of section I1 is shown 
in Fig. 8 at normal magnification. 

The same section as shown in Fig. 8 is shown in Fig. 9, after 
polishing and deep-etching in hot 50 per cent hydrochloric acid. 
This illustration which takes in a larger area than Fig. 8, is shown 
at two magnifications. 

Since many of the lines of graphite segregation appear to 
emanate from the weld, it first appears that these lines formed as 
a, result of and after joint 4-1A was completed (January, 1943). 
On the contrary, however, close examination of this figure reveals 
that these lines have been partially eradicated along the heat- 
affected zone of the weld. Microscopic observations further sub- 
stantiate that re-solution of the graphite took place in the heat- 
affected zone as a result of the localized high temperature during 
the rewelding of this joint. This fact was subsequently sub- 
stantiated by G. V. Smith and 8. H. Brambir, U.S. Steel Corpora- 
tion Research Laboratory (14). Furthermore, had the lines of 
graphite shown in Fig. 9 been initiated at the time of or subse- 
quent to the welding of joint 4-1A, the condition of stress which 
initiated the graphite pattern in the old pipe would have been 
transmitted through the weld into the 12-in. spool and it would 
therefore be expected that similar lines of graphite segregation 
would be present in the 12-in. spool which was installed at the 
time joint 4-1A was made, and which was of similar chemistry 
and deoxidation as the original pipe. 

Still another reason for believing that this condition was 


initiated prior to and present in 1943 is that the average graphite- 


nodule size of the grossly segregated slip-plane graphitization 
closely approaches the size of random graphite located in the 
many specimens of the originally installed material previously 
examined microscopically. Although growth of isotherm graph- 
ite nodules have been followed in several welded joints exhibit- 
ing incipient graphitization in 1943, there have been no cases 
where the rate of nodule growth over a 2-year period would ap- 
proach that found in this case (assuming this condition to have 
developed after the original failure). 

The depth and direction of the graphite segregation through 
the pipe wall at section $1 is shown in Fig. 10. 


PHYSICAL PROPERTINS 


Several bend and tensile tests were made on pipe sections, the 
locations of which are shown in Fig. 3. The results obtained are 
shown in Figs. 11 and 12 and in Table 1. These tests were made 
principally to confirm the authors’ belief that gross segregation of 
“nodular” graphite whether of the isotherm or slip-plane type is 
as effective as “chain” graphite in reducing the ductility of low- 
carbon or low-carbon-molybdenum steel. 

The bend test shown in Fig. 11 was removed from section T1 
(see Fig. 3). From the location of the fissures it may be noted 
that this specimen was cut from the upper portion of the quadrant 
shown in Fig. 6. Although the graphite segregation in this case 
has no direct relation to the heat-affected zone of a weld, it is to 
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TABLE 1 
Tensile Tests Removed From Graphitized Pipe 


Section Tensile strength, psi 


Benp Test on Section T1, SHowrne Fissurtinc ALONG GRAPHITIZED SLIP 


Fic. 12 Sipe anp Epes Views or TenstLe Bar, MACHINED From Section J2; X11/2 
(Note that failure occurred along one of the planes of graphite segregation.) 


be carefully noted that its ultimate effect on the ductility of 
the pipe is similar to that which has been found to dccur at the 
“contact” zone of a welded joint. a: 

Both the side and edge view of a partially pulled tensile bar re- 
moved from section J2 is shown in Fig. 12. Planes of graphite 
may be observed to be “running” at both plus and minus 45 deg 
on the edge of the machined specimen. The edge view shown was 
adjacent to the inside pipe surface before removal of the specimen 
from the pipe. Numerous planes of graphite may be seen to 
extend from the ID toward the OD in the side view of this speci- 
men. Failure occurred abruptly along one of the graphite planes 
at a stress of 59,130 psi, followed immediately by a necking-down 
of the ductile portion of the specimen. 


Microscopic EXAMINATION 


Although macroscopically, slip-plane graphitization as shown 
in Figs. 4 to 12, inclusive, appears as a continuous crack,. micro- 
scopically it appears as discontinuous large gray nodules. The 
relative size and spacing of these nodules determine the resultant 
ductility of the material. 

One of the planes of segregated graphite which was intersected 
by weld 4-1A in January, 1943, is shown at a magnification of 100 
in Fig. 13. It may be seen that the nodules which were outside 
of the heat-affected zone of the weld remained unchanged, 
whereas those just within the heat-affected zone were partially 
put into solution. Those nodules which were in the immediate 
vicinity of the line of fusion may be seen to be completely dis- 
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Fic. 13 INTERSECTION OF SLIP-PLANE GRAPHITIZATION WITH 
Line or Fusion or WELDED Jornt 4-14; 100 


solved by the heat from welding. The sudden solution of 
the graphite in the austenite, followed by the rapid rejection of the 
carbon (graphite) as a carbide phase, resulted in the formation of 


Fic. 14 Parra View or Fie. 13, ar HicHER MAGNIFICATION, 

SHowrne SrrucruraL Detar or AREA IN WHICH GrRaPHITE Was 

REDISSOLVED AND REPRECIPITATED AS A CarBIpE Puasr Durine 
Wewpine; X600 


a localized band of steel of hypereutectoid composition. The 
carbide present in the darkened area in Fig. 18, which is probably 
in the range of 1 to 2 per cent carbon, can be seen in Fig. 14 to 
have partially regraphitized in the 2-year period following its 
inception. 

The fact that the graphite was put into solution by the heat 
from the rewelding of joint 4-1A in 1948, is believed to be ade- 
quate proof that the graphite was present some time prior to the 
welding of this joint. 

Further proof of this fact is offered in Figs. 15 to 17, inclusive. 
Slip-plane graphitization at a remote distance from the weld is 
shown at a magnification of 100 in Fig. 15. The size and detail 
of these segregated graphite nodules are shown in Fig. 16 at a 
magnification of 600. 

In following the rate of growth of graphite adjacent to welded 
joints under both actual operating conditions and in accelerated 
aging tests made in laboratory furnaces, the authors have never 
encountered a rate of growth of graphite over a 2-year period in 
low-carbon-molybdenum steel which would even approximate that 
shown in Figs. 15 and 16. 

This is believed to be substantiated by the published work of 
Kerr and Eberle (3, 6); Smith, Miller, and Brambir (4, 11); 
Weisberg (5, 12); Hoyt and Williams (7); Van Duzer, McCutchan, 
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Fie 15 Gross StGrReGATION oF NODULAR SLIP-PLANE 
GRAPHITIZATION; 100 
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Fic. 16 Size anp DerarL or GRAPHITE NopULES SHOWN IN Fia. 15; 
X600 


and Rohrig (8, 9); as well as certain unpublished work . 
on this subject by other investigators. In contrast to Figs. 15 
and 16, however, the rate of growth of graphite over a 2-year 
period in the contact zone adjacent to joint 4-2 is shown at a 
magnification of 600 in Fig. 17. This joint was also, rewelded in 
January, 1948, and it is known that graphite did not exist ad- 
jacent to this joint at the time it was rewelded. 

Since such a vast difference in nodule size exists between Figs. 
16 and 17, it is concluded by the authors that the slip-plane 
graphitization was initiated prior to 1943, and that the many 
graphite planes which appear to emanate from the weld are co- 
incidental. 


DIScUSSION AND PROBABLE CAuUsE OF SLIp-PLANE 
GRAPHITIZATION 


Owing to the over-all complexity of the graphitization problem 
as it is known to exist, an attempt has been made to correlate 
the existing facts with other published information. In so doing 
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certain postulations could not be avoided in this discussion. 

The iron - iron carbide system, although extremely useful! and of 
real importance to the ferrous metallurgist, has been recognized 
for many years as a metastable system, the iron-carbon system 
being the truly stable one. Hoyt and Williams recently stated, 
“In spite of the apparent stability of iron carbide in the common 
carbon steels, in which it is the active strengthening and harden- 
ing constituent, it has a definite, although usually slight tendency, 
to change to the more stable form of graphite” (7). 

A logical theory regarding the precipitation of carbon 
(graphite) in steam piping subjected to fluctuating ternperatures 
was presented before this Society in 1944 by F. B. Foley (13). 
His theory was based upon the slope of the solubility curve of the 
alpha phase of the iron - iron carbide diagram together with 
the composition of the alpha phase (ferrite) with respect to 
aluminum or silicon or both. 

It has been shown by Fink and Smith that in precipitation- 
hardening alloys of the duralumin type, precipitation of the 
CuAl, upon aging will always occur preferentially along slip 


planes resulting from any plastic deformation, before general 
precipitation occurs (15). 

In this respect, it is to be pointed out that the solubility curve 
for the aluminum-rich solid solution in the aluminum-copper 
system is qualitatively the same as the solubility curve of the 
alpha phase in the iron - iron carbide system. 

Luders’ lines, or “‘stretcher strains” have been stated by Win- 
lock and Leiter “to occur as a result of the uneven and non- 
uniform flow of metal at the yield point, caused by the sudden 
transition of different grains or groups of grain from the elastic to 
the plastic state.” They further state, “Tjuders’ lines occur in the 
range of deformation corresponding to an elongation of 1.5 to 
10 per cent’’ (16). 

On the basis of the foregoing it is believed that slip-plane 
graphitization is initiated by localized yielding or plastic def- 
ormation along slip planes with the formation of Luders’ lines or 
stretcher strains. In the case under discussion major slippage 
occurred along planes of maximum shear stress. In Fig. 1 it is 
to be noted that the slip-plane graphitization is located along the 
pipe length just outside of the 30-deg bend. It is postulated 
that although this bend was made hot, a sufficient load was ap- 
plied in making the bend to produce a critical strain (1.5 to 10 
per cent elongation) in the cold pipe just outside of the hot-bent 
region. This bend was subsequently furnace-stress-relieved at 
1150 to 1200 F before installation. This temperature was ap- 
parently too low to remove the effects of previous strain, in fact 
it is suggested that the stress-relieving temperature may have 
initiated actual submicroscopic graphitization along the planes 
which received localized plastic deformation by virtue of the in- 
creased solubility of carbon in alpha iron at the stress-relieving 
temperature, followed by graphite precipitation upon cooling in 
accordance with the theory advanced by F. B. Foley. 

Just why graphite, or for that matter any precipitating phase 
should precipitate preferentially along planes which have been 
plastically deformed is not too clear, although it is suggested by 
Smith and Brambir that it is due to a greater ease of nucleation 
of the precipitating phase in the plastically deformed regions (14). 

After nucleation of graphite once occurs, its continual growth 
along either slip planes or isotherms appears quite logical. It is 
believed, however, that temperature fluctuations in a steam line 
will result in graphite precipitation only at those locations where 
a graphite nucleus or 4 strong graphite nucleating effect is 
present. It is believed that temperature fluctuations will other- 
wise result only in the solution and reprecipitation of iron carbide. 
During this time, however, diffusion of the carbide from the 
carbide-rich areas toward the ferrite areas, which are low in 
carbon owing to the slow but continual precipitation of graphite 
at the graphite nuclei, is taking place. 

As the graphite nodules grow in size the surrounding ferrite 
becomes depleted of carbon. The ferrite around the graphite 
nodules can therefore only precipitate graphite upon each cooling 
cycle as fast as the carbon in the alpha iron (ferrite) can diffuse 
from the carbide-rich areas to the ferrite surrounding the graphite. 

Based upon the foregoing assumptions, the rate of graphite pre- 
cipitation for a given set of temperature conditions would ap- 
pear to depend upon the number of graphite nuclei present and 
the rate of diffusion of carbon in alpha iron. This is in general 
agreement with the postulation made by Smith and Miller who 
stated, “Conceivably, then, graphite in a limited region could 
bring about, in time, the substantial depletion of carbide within an 
entire specimen.” 

Contrary to the belief or implied belief by many that graphite 
forms directly from the carbide (Fe,C) phase due to the higher 

carbon content of this phase as compared to the alpha, phase 
(ferrite), it is believed by the authors that the mechanism by 
which graphite precipitation occurs is through the gradual solu- 
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tion of cementite in ferrite followed by the precipitation of 
graphite from the ferrite. : 

As additional evidence that the slip-plane graphite shown in 
Figs. 4 to 7, inclusive, was nucleated along planes where localized 
plastic deformation had occurred, Fig. 18 is presented. This 
illustration was taken from the work of William Hovgaard (17), 
and was brought to the attention of the authors by Messrs. 
McCutchan and Crocker, of The Detroit Edison Company. Fig. 
18 shows a cold-bent 8-in. pipe which has a stress pattern, identi- 
cal to the slip-plane graphitization pattern shown in Fig. 7. The 
pattern on the pipe in Fig. 18, however, is formed by Luders’ 
lines which resulted from localized plastic deformation during 
cold-bending, whereas the pattern shown in Fig. 7 is slip-plane 
graphitization which was nucleated and grew along Luders’ 
lines which also resulted from a critical amount of plastic de- 
formation during the original bending of this pipe. 

Assuming therefore that a material is susceptible to general 
graphitization, and the service temperature is adequate to ob- 
tain graphitization, it is suggested that slip-plane graphitization 
may be encountered in the following locations of critical strain: 


1 Entire bend if the bend was made cold without subsequent 
full heat-treatment. ; 

2 Cold ends of hot bends if not subjected to subsequent full 
heat-treatment. 


The latter postulation, however, has not as yet been verified, 
although two bends similar to that shown in Fig. 1 have since 
been removed for examination. 


New Tueory SuccEestep FoR NUCLEATION OF GRAPHITE AT 
Contact ZONE OF WELDED JOINTS 


It is believed that reasonably good evidence has been presented 
to show that localized yielding or plastic flow has a strong graph- 
ite nucleating effect. Once graphite nuclei have been formed 
it has been theorized that the graphite will grow through the 
solution of cementite (FesC) in ferrite, followed by graphite pre- 
cipitation from the ferrite. 

The mechanism of the growth of isotherm graphite formed at 
the extremity of the heat-affected zone of welds, is believed identi- 
cal to that of slip-plane graphitization. The condition or agent. 
which causes graphite nucleation at the contact zone adjacent to: 
welded joints, however, has not been too clear. 
gested that isotherm graphite is also nucleated by stress, although 
of a somewhat different nature. 

Whereas, slip-plane graphitization is believed to be nucleated 
by plastic flow from an externally applied load, isotherm graphiti- 
zation is believed to be nucleated by self-compensated stresses 
known as “‘tessellated stresses.’ 

The work of Dr. F. Laszlo on tessellated stress was brought to 
the attention of the authors by C. H. Davy‘ (18, 19, 20, 21, 22). 

Although Dr. Laszlo approaches the subject of tessellated stress 
mathematically, the following extract which qualitatively defines 
the subject, is taken from his work: “Anisotropy of the single 
crystals of most materials and the difference between the 
bulk physical properties of the components of compound solids 
readily cause internal self-compensated stress systems to develop 
around such centers as crystals or components of the compound 
structure, respectively. These self-compensated stress systems 
are called tessellated stresses.” 

One of the first conclusions drawn, after the examination of 
the pipe failure at the Springdale Power Station, was that the 
failure occurred at the Widmanstatten grain boundaries at a dis- 
tance from the weld where the temperature from the welding was 


4 Chief Research Engineer, Babcock & Wilcox, Ltd. 
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just sufficient to cause grain-boundary transformation.® It 
wasalso this location where grain-boundary graphite of the“‘chain” 
type was located and which was the basic reason for failure. 

Just outside of the heat-affected zone the metal structure con- 
sists of iron carbide or complex iron-molybdenum carbide, em- 
bedded in a matnx of alpha iron (ferrite) whereas, just within the 
heat-affected zone a portion of the alpha iron goes through a 
phase change to gamma iron, simultaneously absorbing the car- 
bide phase or as much of it as time will permit under the short 
heating cycle during welding. Rapid cooling of the heat-affected 
zone may result in the formation of minute amounts of marten- 
site. There is present in the transition zone (zone of isothermal- 
graphite formation), therefore, alpha iron which has a body- 
centered cubic lattice, iron carbide or complex iron-molybdenum 
earbide which has a complex lattice'structure, austenite which has 
a face-centered cubic lattice, and martensite if formed, which 
goes through a transition structure of body-centered. tetragonal 
and finally to a body-centered cubic lattice. 

Along the transition zone adjacent to aweld, therefore, numerous 
crystal structures, all of which have their own physical constants 
and which are surrounded by each other, exist at one time or 
another during the welding cycle. It is common knowledge that 
», considerable volume change occurs when alpha iron transforms 
to gamma iron (austenite) and that upon rapid cooling such as 
occurs in welding the metal does not go back to its exact original 
dimensions. 

Tt seems quite reasonable to believe therefore that a system of 
self-compensated stress is developed around crystals or grains at 
the transition zone between the heat-affected and unaffected 
parent metal adjacent to a weld, owing to the different physical 
constants and directional properties of the several different crys- 
tal structures which exist at this location during the welding 
operation. 

It is therefore postulated that graphite is nucleated in the 
contact zone adjacent to a welded joint by self-compensated 
stresses known as tessellated stresses. 


SUMMARY 


1 The term slip-plane graphitization has been chosen to 
describe a condition of graphite segregation which appears un- 
questionably to have occurred along slip planes where local 
yielding or localized plastic deformation had previously 
occurred. 

2 Slip-plane graphitization, unlike isotherm graphitiza- 
tion which has been found to be reasonably uniform through the 
pipe wall and around the pipe circumference, varies markedly 
from OD to ID and from quadrant to quadrant around the pipe 
periphery. 

3 Slip plane like isotherm graphitization (if severe) is 
readily visible to the unaided eye after machining or rough- 
grinding. 

4 Gross segregation of “nodular” graphite, whether of the 
isotherm or slip-plane type, is as effective as chain graphite in 
reducing the ductility of low-carbon or low-carbon-molybdenum 
steel. 

5 Substantial evidence has been presented to show that 
plastic deformation is an excellent nucleating agent for graphite 
of the slip-plane type- 

6 The mechanism of graphite growth of either the isotherm or 
slip-plane type is believed to occur through the solution of the 
earbide phase in ferrite, followed by the precipitation of graphite 
from the ferrite. 

7 Having presented evidence to show that slip-plane graphiti- 
zation is nucleated by stress, the postulation is made that iso- 


6 This is known as the lower critical temperature (Ac1) which is 
approximately 1350 F for carbon-molybdenum steel. 


therm graphite is also nucleated by stress. In this case, however, 
a self-compensated stress system 1s believed to be set up, resulting 
from the difference in directional properties and physical con- 
stants of the several different crystal structures which exist in the 
transition zone adjacent to a welded joint at the time of welding. 
Self-compensated stresses of this nature are known as tes- 
sellated stresses. 
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Graphitization in Some Cast Steels 


By A. J. SMITH,? J. B. URBAN,! AND J. W. BOLTON? 


Field service and controlled laboratory experiments have 
demonstrated that it is not possible to insure against 
graphitization of carbon-molybdenum steel through any 
of the controlled procedures of melting and deoxidation 
practice or heat-treatment. It is probable that freedom 
from graphitization is to be sought through the use of 
alloy additions which confer greater stability to the car- 
bide. A hypothesis has been put forth concerning the 
mode of graphitization based upon the observed graphiti- 
zation behavior of both plain-carbon and carbon-moly 
steels. Use has been made of this hypothesis to explain 
the resistance to graphitization of the nickel-chrome- 
moly steels. The experimental evidence would appear to 
indicate that the hypothesis is substantially correct. 


RAPHITIZATION characteristics of steels for steam 
service at elevated temperatures have heen a subject of 
study by many workers since the original failure of a 

welded carbon-molybdenum steel pipe at the Springdale Station 
of the West Penn Power Company in January, 1943. Subsequent 
to that failure graphitization has been found in various classes of 
wrought and cast products, particularly in weld-affected zones, in 
the examination of piping systems made by the different power 
companies. 

Happily, the Springdale failure was not disastrous, and to our 
knowledge none of the other piping systems examined has shown 
equally extensive graphitization. Nevertheless, it is highly de- 
sirable to ascertain means whereby deterioration due to graphiti- 
zation can be avoided. At the same time it is necessary to pre- 
serve in graphitization-resistant material high mechanical proper- 
ties such as creep strength, soundness, good weldability, and over- 
all economy. 

For increasing efficiency in power-plant operation increase in 
operating temperature is among the promising approaches. In- 
crease to the present 900-950 F has been a development of the past. 
decade. Even now plans are under way for 1000 F operating 
temperature, and the end of the upswing does not seem in sight. 
With longer experience acquired as to serviceability of materials 
at these temperatures, undesirable characteristics have been re- 
vealed which hitherto have been unsuspected. From this exper- 
ience some materials have been shown to be unsuitable for the ser- 
vice. Carbon steel which serves admirably at lower temperatures 
shows marked loss in mechanical properties at 800 F and is not re- 
commended. Carbon-molybdenum steel which has excellent me- 
chanical properties at 900 to 950 F now is revealed to possess un- 
fortunate graphitization characteristics, limiting its useful appli- 
cation to perhaps 850 F as top operating temperature where weld- 
ing is a consideration. 

In developing and prescribing steels for these higher tempera- 
tures, close attention must be paid toward avoiding failures that 
by chance might occur. All the factors that could contribute to 
deterioration and failure must be thoroughly investigated. This 
point is emphasized by occurence of the Springdale failure. 


1 The Lunkenheimer Company, Cincinnati, Ohio. 
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The Springdale failure was unexpected. Prior to the failure but 
one instance of graphitization of low-carbon steel had been re- 
ported in the literature (1).? Use of molybdenum in steels in high- 
temperature service led graphitization to be an unsuspected proba- 
bility since molybdenum is normally considered a relatively 
strong carbide former and as such likely to promote carbide per- 
sistence. There have been arguments for many years on the logic 
of a double iron-carbon constitutional diagram. Weight of the 
evidence indicates, however, that iron and graphite are the equi- 
librium forms, iron carbide or cementite being at best metastable. 
Since a vast amount of work was required for assuring suitable 
strength at temperature, possibility of graphitization and other 
types of structural degradation were neglected. 


Tue GRAPHITIZATION PROBLEM 


The problem of graphitization is complex. It would be quite 
impossible to study the problem in all of its various phases 
simultaneously, and it becomes necessary to isolate the various 
factors and study them individually before any attempt may be 
made at a comprehensive answer. The problem may be broken 
down into several subheads, among which are the following: 


Effects of steel-making practice. 

Effects of alloying and other elements. 

Effects of heat-treatment. 

Effects of fabricating practice. 

Effects of service operating conditions. - 
Mode of graphitization. 

Repair of graphitized structures now in service. 


TIAHTOr wd 


Most of the product of the authors’ company is in the form of 
castings. Hence its work in general has been restricted to cast- 
ings. Certain phases of the foregoing outline have not been 
touched upon in this work and will be brought up only incidentally. 
In view of the extensive investigation being carried on by the joint 
E.E1.-A.E.I.G. Subcommittee on Graphitization of Piping, no 
work has been done on possible methods of repair of graphitized 
structures. 

Effect of steel-casting-making practice has been studied here in 
respect to deoxidation practice. 

Fabricating practice, i.e., rolling, upsetting, welding, etc., has 
not been described in the present report although some work is 
described on graphitization of structures simulating weld struc- 
tures. 

In the work of the authors’ company, some 1300 specimens have 
been prepared and examined under various conditions of alloy, 
heat-treatment, and aging-treatment. In this report only those 
samples will be commented on which were productive of posi- 
tive evidence in these studies. The others represent duplicate 
tests for verification of original findings, tests on samples from 
other heats for the same purpose, cycling tests, etc. The samples 
chosen for illustration thus should be considered as representing 
generic classes of structures. The evidence presented for them has 
been fully corroborated. 


GRAPHITIZATION IN STEEL CasTINGS 


After the Springdale failure many piping systems were ex-, 
amined by the various power companies chiefly by removal of bolt 
samples from the welded joints. An early discovery of graphiti- 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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zation in a valve casting led to replacement of the valve in the line 
so that complete and more leisurely examination could be made. 
The valve was used as a boiler stop valve at nominal operating 
temperature of 900 F and was in service a period of 44,137 hr, 1909 
of which were 950 F or above, 41/2 at 1000 F. 

The casting had been made in 1986 by the older melting prac- 
tice of ‘catching the heat coming down” with partial aluminum 
deoxidation in the ladle, the remainder in the stream on pouring 
the mold. Total aluminum added was 1.86 lb per ton. 

Analyses were made at several locations. Analyses of inlet and 
outlet ends were as given in Table 1. 


TABLE 1 ANALYSES OF INLET AND OUTLET ENDS OF PIPE 


Inlet, Outlet, 
per cent per cent 
Total carbon... 0.31 0.31 
Graphitie carbon. Dare gh eta ots 0.12 0.04 
SUCOM 5 choi Wr We ee he sear eet ga atm oa Ee 0.40 0.41 
Wane anese ic corectktine ait cccioke hots O77 0.76 
Phosphotus iataes ince oe ere eA 0.020 0.021 
DUCE: trivie.o saveuns eyetabckaiees scout scnyapeutenipertalet s 0.11 0.05 
CODDErA shoei toe etter scene 0.05 0.04 
Moly bdemipnn yt oins.e sccters eater fiers aude 0.42 0.44 
Chromium. ‘scien ena a ene ot None 0.01 
Aluminum (as AlzOs) per cent Al..... 0.012 0.010 
Free aluminum per cent Al,.......... 0.017 0.018 
Total aluminum per cent Al.......... 0.029 0.028 


Fic. 1 Grapuire 1n Weip-ArrecteD ZONE OF CasTING GRAPHI- 


TIZED IN SERVICE; 500 


It will be seen that there is no significant difference except in 
graphite content between the two ends of the valve. Marked 
visible graphitization had taken place at the inlet end, none could 
be discovered microscopically in examining several segments of 
the outlet end. The original cast structure throughout was fine 

-pearlite-ferrite. Graphite in the weld-affected zone was nodular 
and associated with the carbide areas as shown in Fig. 1. 

The wrought-pipe structure was coarse Widmanstaten-fer- 
rite, graphite being similar in amount, type, and distribution to the 
casting. Just as graphite was not found in the outlet end of 
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the casting neither was it found in the pipe welded thereto. Weld- 
ing conditions, in so far as they can be judged at this time and 
presumably as closely as they can be held commercially, were 
identical. 

Service conditions are suspect, yet graphitization was fully re- 
versed in a stop valve from another boiler just adjacent with both 
high-pressure lines leading to the same manifold. In this other 
case graphitization was found in the outlet but not in the inlet of 
both pipe and casting. Truly remarkable circumstances but 
illustrative of the point that graphitization is in some cases a “hair- 
trigger” proposition. 

Mechanical properties of the graphitized inlet end were investi- 
gated, with the finding that there was little impairment of tensile 
strength and appreciable impairment of elongation and impact. 
Actual properties were as follows: 


Wieldistrongth, psi) isc. state nem eae 57000 
Tensile strength, OSL. ene oo usla ye siecle 72000 
Reduction of area, percent............... 54 
Elongation, per cent: .......0.0.i0.5 4... Ant? 
Charpy (check tests) ft-lb.............45. 7,9,6 


The tensile bar was made with axis normal to the weld interface, 
yet the break occurred in the weld metal, not in the graphitized 
zone. Wee notches in the Charpy bars were placed at the line of 
graphitization. (Impact value for the base metal of the casting 
was 18 ft-lb.) : 

In bend tests made with the bend at the graphitized zone, 
samples withstood a bend of 90 deg without cracking. 

These values show that graphitization has by no means ap- 
proached the point where it can be considered dangerous, even 
though it is undesirable. A metal with 6-9 Charpy is hardly 
“brittle.” 


GRAPHITIZATION OF WELDED STRUCTURES 


Inasmuch as the Springdale failure was associated with a weld- 
affected structure, it became incumbent on investigators to include 
in their agenda of research, studies of this phase of the graphiti- 
zation problem. Previous extensive studies on welding by the 
authors’ company and others indicated that for an investigation 
of this type there are too many variables involved for proper 
assignment of causes of acceleration of graphitization. While nor- 


-mal control of welding insures a commercially desirable result in 


most cases, absence of exact thermal and composition control 
leads more to speculation than to scientific fact in considering 
graphitization rates. 

It was evident from our examination and that of others of the 
Springdale failure that graphitization was most acute in metal 
which had been raised to the neighborhood of the lower critical. 
temperature. In any work this, then, is a zone of interest. To 
simulate such structure under closely controlled conditions of 
temperature, yet free from such influences as composition, gas, 
slag, ete., present in welds, standard bars (7/sin. round X 6 in. long) 
were heated at one end in a bath at 1600 F, the other end at 600 F, 
and after holding at temperature 1 hr the. bars were quenched. 
Hardness surveys were then made to determine the critical zones, 
whereupon the bars were placed in aging furnaces at 975 F, 
1025 F, and 1100 F. Graphitization was found to be most rapid 
at 1100 F, very slow at 975 F, hence 975 F was discontinued as an 
aging temperature. 

In steels prone to graphitization, graphite appeared first in the 
critical zone, subsequently appearing in the zone quenched from a 
higher temperature, and later in the zone quenched from a lower 
temperature. From this it would appear that welding, per se, is 
not responsible for the severe graphitization in the weld-affected 
zone, but that this condition is induced by heating the material to 
perhaps just above the criticalfollowedby rapid cooling. To verify. 
this point several samples were heated to various temperatures 
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Fa TABLE 2 COMPOSITIONS AND MECHANICAL TEST PROPERTIES OF STEEL 
; SAMPLES 
Re abase i crossed oi eehy neler ohn/tao A B-S B-A C-S C-A D E-S E-A F 
Carbon, per cent.....--..... 0,30. "0,28 *0.28. 0.21. 0:20. 10. 27= 0.26 0.23 BE 
Silicon, per cent..... Nee bi Me 0.42 0.88 0.42 0.42 0.53 0.40 0.27 0.36 0.43 
Manganese, per cent......... 0:65 0,70 0.70 0.75 0.74 0.64 0.61 0.59 0.70 
Phosphorus, per cent........ 0.037 0.034 0.031 0.036 0.034 0.027 0.024 0.020 0.025 
Sulphur, per cent.........-- “ 0.044 0.034 0.033 0.033 0.034 0.026 0.026 0.029 0.020 
Molybdenum, per cent....... a ie ae TONby 0150: 0.619 0790 0.40 0.36 
Nickel, per cent.........+-++ Pet Ae tes ae pais oe 0.81 0.93 0.99 
Chromium, per cent........ eG ee outs ets es aoe 0.39 0.53 0.63 
Aluminum (total), percent... 0.070 0.008 0.053 0.007 0.058 0.085 0.0030 0.024 0.063 
AleOs, per cent............-. “0.023 ... 0.019 i OLS O7026 9 2e. 0.015) "07026 
Alin AlsOz, per cent.......-. 0.012 ree .010 ef 0.010 0.014 ee 0.0079 0.014 
Yield point, psi...---.-. +++ 48900 38100 44800 53200 53100 56400 75000 57000 71400 
Tensile stréngth, psi......... 75800 69000 78100 79400 79000 81200 100700 88300 94400 
Elongation, per cent........- 26,9" 62.6 (27.2 27.8 29.5 84.4 18.8 24.1 21.0 
Reduction in area, percent... 36.7 60.1 49.2 61.0 57.8 46.0 44.9 45.1 41.6 
: ? é Da : 
f temperature is not too significant, as the experiments also suggest, 
: then any method of differential heating (welding or other) will 
produce a zone critical for graphitization. This would call for 
Z viewing with caution any method designed to offset the effects of 
welded structures such as have been proposed, for example, aus- 
tenitic welding, postnormalizing, ete. Such procedures might 
. serve merely to move the zone to a different location without cer- 
tain amelioration. * 
se 2 Erracrs of DeoxmpaTION Pracricy AND H#at-TREATMENT ON 
oy GRAPHITIZATION TENDENCIES 
: ae as Certain studies were carried out to ascertain some of the effects 
* of silicon and silicon-aluminum deoxidation and of various struc- 
: y: ae ie . tures and treatments on the graphitization tendency of carbon 
i a ee eg ees (A.S.T.M. A-216-WC-B), carbon-molybdenum (A.8.T.M. A-217- 
fe jet WC-1), and nickel-chrome-moly (A.8S.T.M. A 217-WC-4) steels, 


Fic. 2 GrapnitizaTion in Carzon-Moty Steet Arrer 500 Hr «vr 
1100 F in Sampxe, QuencuED From 1390 F; 1000 


within this criticalrange. Graphitization was found to occur most 
rapidly in samples heated to 1390 F and water-quenched, appear- 
ing extensively as early as 500 hr at 1100 F. Time of heating these 
samples at 1390 F was 3hr. Graphitization as it appears is shown 
in Fig. 2. 

Welding and its effects on graphitization in piping systems are 
not to be set aside briefly. However, simple one-bead welds, or 
restriction to a single set of welding conditions are likely to lead to 
unsound conclusions. Precise time-temperature conditions (at 
given locations) and other variables are neither known nor con- 
trollable in usual welding techniques. This means that welding 
studies, to be safely useful, must include many variations in weld- 
ing practices, hence must be voluminous in respect to experi- 
mental manipulations. Extensive investigation is under way to 
study its full bearing on the problem, the results of which it is 
hoped will be presented at an early date. 

If heating to a zone in the neighborhood of 1390 F (for carbon- 
molybdenum steels) is critical for promotion of graphitization, as 
is indicated by the foregoing experiments, and the time at this 


Steels were made up according to regular commercial practice, 
i.e.,21/.-ton charges in acid electric furnace. Practice includes ore 
addition and boil, followed by recarburization and furnace deoxi- 
dation by ferrosilicon, ferromanganese, and silicomanganese. 
Before pouring, tests of such metal lie quietly due to the “silicon 
deoxidation.” (“Silicon-deoxidized” samples were taken at this 
period.) ‘ 

When the steel is poured into a large ladle, aluminum is plunged 
in, 2.4 Ib per ton being used. Samples taken therefrom are re- 
ferred to as ‘‘silicon-aluminum-deoxidized.” 

All samples received a normalize after 5 hr at 1650 F, and were 
drawn for 5 hr at 1200 F, before subsequent experimentation. 

Compositions and room-temperature mechanical test properties 
of the steels referred to are given in Table 2. 

Carbon Steel— WG-B (Heat A). Samples, silicon-aluminum- 
deoxidized, were heated 3 hr at 1550 F, and quenched into molten 
tin at 1300 F, at which temperature they were held for 30 sec, 
2 min, 20 min, 2 hr, and 5 hr, followed by water-quenching. A 
complete range of structures was developed, from martensite to 
lamellar pearlite. Substantial amounts of proeutectoid ferrite 
were evident in all samples. A comparison sample quenched 
directly into water from 1550 F, yielded a martensitic structure 
with small amounts of proeutectoid ferrite appearing only in the 
boundaries of the original dendrites. 

Aging 2000 hr at 1100 F produced full spheroidization, of about 
the same particle size, and graphitization, to about the same de- 
gree, in all samples. 

Carbon Steel—Heat B. This metal was divided into silicon-de- 
oxidized and silicon-aluminum-deoxidized portions. A series 
of isothermal quenching treatments was performed on samples of 
both coarse and fine austenitic grain size. Coarsening tempera- 
ture was 1900 F, followed by furnace-cooling to 1550 F, and 
quenching. Refining was carried out by heating to 1550 F, 
followed by direct quenching. Quenching was carried out in a 
controlled tin bath. 

Temperatures employed were those used in earlier work on car- 
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bon-molybdenum steel (4) and which gave the structures for 
carbon moly shown in Table 3. 


TABLE 3 CARBON-MOLYBDENUM STEEL STRUCTURES, 
HEAT B 


Transformation 
Structure (carbon moly) temperature, deg F 
I Goarse: Pearlitic sec neesfestestee are see 1200 
II Coarse mixed pearlitic-acicular.......... 1000 
III Coarse acicalar ss wen eee eee 800 
IV Coarse martensitic Piheeucthsea dao 500 
Vv Mine pearlitionssccues nite oer Coals 1200 
VI Fine mixed pearlitic-acicular............. 1000 
WETS Fine acreula riers .rersteveeenerep ete erecta i 800 
VIII Fine martensitic 500 


The acicular structure of the carbon-moly steels is not a mem- 
ber of the plain-carbon-steel series, hence was not developed in 
this experiment. Also it was not possible to develop a martensitic 
structure at 500 F in this carbon steel. However, since we are 
more concerned with comparative temperature levels in process- 
ing these materials than in the actual structures, it was thought 
desirable to retain the quenching-bath temperatures used earlier 
and on which fairly complete data were available. 


TABLE 4 CARBON-STEEL STRUCTURES 


Transformation 
Structure (carbon steel) temperature, deg F 
if Coarse; pearliticns\.micteatisiese trclcreisie-eisperanaye 1200 
II Coarse mixed pearlitic-bainitic.......... 1000 
III Coarse upper bainitic..........20.s.s00 800 
IV Coarse lower bainitic.............+0..6. 500 
Vv Fine pearlitic, 4. <-<is.6.0 st056 ane eer 1200 
VI Fine mixed pearlitic-bainitic............. 1000 
VIT- Fine upper bainitie.. 50 «cle ne oe cele 800 
VIII Fine lower bainitio... 00.2 8. ee eee 500 


In the carbon steels Table 4 gives the structures approached. 
The structures shown in Figs. 3 to 6 respectively, are of the coarse 
series, and it may be seen that they do not correspond in all re- 
spects*to the type description. This is because of the difficulty 
of securing a homogeneous austenite in cast materials. Because of 
these inhomogeneities there was marked separation of proeutec- 
toid ferrite similar to that developed in conventional heat-treat- 
ment of castings. This alters the effective carbon concentration 
in the carbide areas and affects the time of reaction at a given 
temperature. 

All of the silicon-aluminum-deoxidized samples graphitized 
within 1000 hr at 1100 F. Graphitization was most general in the 
type VIII sample (fine lower bainite). Size of graphite particles 
was about the same in all samples. 

Of the silicon-deoxidized samples the following graphitized at 
1100 F within the time indicated: 


Tid ‘Coarséipearlitic..c. soc oes 
II Fine pearlitic 
Wil Eine ‘upper, bainities... 5.24.4... ae 


The following were resistant for the duration of the test, 6000 
hr: 
II Coarse mixed pearlitic bainitic 
III Coarse upper bainitic 
IV _ Coarse lower bainitic 
VI Fine mixed pearlitic-bainitic 
VIII Fine lower bainitic 


The foregoing suggests that fine and uniform distribution of 
carbide may lessen initial graphitization tendency. Since such 
distribution indicates less steep carbon-concentration gradients, 
such influence might be expected, at least in initiation of the re- 
action. However, once action is started, a more general nuclea- 
tion might well cause more general graphitization. 

In case of this carbon steel, silicon-aluminum deoxidation favors 
graphitization, but the absence of aluminum does not always pre- 
vent it. 

The two deoxidation practices influence hardenability, silicon 
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Fig. 3 Coarse Pearuitic CARBON STEEL: X500 


Fie. 4 Coarse Mrxep Praruitic Bainitic CARBON STEEL; 500» 


deoxidation tending toward coarser grain and deeper hardening. 
Since bainitic structure in silicon deoxidized graphitized, the. 
effects of differences in hardenability characteristics (as influenc-- 


oP. 
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Fic. 6 Coarse Lowmr Bainitic Carbon SrmzL; 500 


ing graphitization) may be somewhat discounted. However, a 
number of these points require more extensive study before firm 
generalities can be safely made. Subject to this qualification, the 
experimental work on carbon steel (WC-B) suggests the following: 
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(a) Silicon kill retards graphitization tendency, but does not 
safely prevent it. 

(b) Carbon-concentration gradients appear to promote the 
earlier formation of graphite. 

(c) Greater carbon homogeneity may promote more general 
graphitization, once the reaction is initiated. 

(d) Coarser austenitic grain and deeper hardening character- 
istics tend toward greater resistance, but may not assureit. (This 
might well be independent of agencies promoting such structure.) 


Conventional normalize and anneal, under production condi- 
tions permitted graphitization in both silicon and silicon- 
aluminum-deoxidized conditions. Silicon-aluminum deoxidized 
graphitized in less than 4000 hr; silicon deoxidized in 6000 hr. 

Principal structures aged at 1100 F were aged in duplicate at 
1025 F. Of the silicon-aluminum deoxidized all had graphitized 
at 1000 hr, with the exception of the mixed pearlitic-bainitic, 
again showing the resistance of this structure to graphitization. 
Otherwise little difference was to be noted from 1100 F aging. 

Carbon Moly (WC-1) Steel (Heat C). This material was divided 
into silicon-deoxidized and silicon-aluminum-deoxidized portions. 
Samples were put into the following structural conditions, and 
graphitization time as it appeared in the silicon-aluminum deoxi- 
dized samples which developed graphite within 6000 hr is as 
given in Table 5. 


TABLE 5 CARBON-MOLYBDENUM STRUCTURES; HEAT C 


Structure (carbon moly) Graphitization 

Coarse pearlitic..........-- 2000 br 

Coarse-pearlitic-acicular None 

Coarse acicular........-++0e0e eer eeees 2000 br 

Coarse martensitic........-5 0000s cree None 

Fine pearlitic.......... +2 sees sere eeee 6000 hr 

Fine pearlitic-acicular........---+++++- None 

Fine acicular..........2e2seeeseeereee None 
None 


Fine martensitic........---000e+e+e008 


In these structures there was considerable separation of pro- 
eutectoid ferrite leaving the carbides as islands in a ferritic ground 
mass. This appears to be the common pattern developed in car- 
bon-moly steels. In looking for graphitization such structures 
are suspect. On the other hand, the structure description de- 
scribes the state of aggregation of the carbide to much better de- 
gree than was found for the carbon steels. 

No graphitization was found in the corresponding silicon-deoxi- 
dized samples, within 6000 hr. 

The grain size for the silicon-deoxidized portion was 2-3 with 
normal McQuaid-Ehn as shown in Fig. 7. 

In heat D, silicon-aluminum, killed, similar samples all graphi- 
tized within 6000 hr or less. Grain size and normality were 
similar for both silicon-aluminum-killed heats, i.e., 6-7 and 
markedly abnormal McQuaid-Ehn, Fig. 8. 

Production heat-treatment of normalize from 1650 F yielded 
graphitization within 2000 hr in the silicon-aluminum-deoxidized, 
none within 6000 hr in the silicon-deoxidized. However, graphiti- 
zation was found in 6000 hr in a silicon-deoxidized sample held 
5 hr at 1650 F, and furnace-cooled as shown in Fig. 9. The sample 
illustrated is the only one that has been developed experimentally 
in our work showing an approach to chain graphite. All others 
have been nodular. The correspondingly treated silicon-alu- 
minum-deoxidized sample showed nodular graphite.. 

The results on carbon moly (WC-1) indicate that silicon deoxi- 
dation resulting in coarse-grain normal McQuaid-Ehn structures 
retards graphitization, but does not always prevent it, as was 
established also in case of carbon (WC-B) steel. It is apparent 
that as compared with carbon steel the molybdenum content of 
WC-1 increases carbide persistence. 

In another experiment on a silicon-aluminum-deoxidized 
sample, heat C was held 5 hr at 1650 F and furnace-cooled, then 
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«drawn for 10 hr at 1300 F; graphitization being produced within 
4000 hr at exposure to both 1025 and 1100 F. 
This treatment was employed to determine the effectiveness of 
high-temperature annealing in order to stabilize the carbides in 
, somewhat different form as suggested by Smith and Miller (5). 
Consideration of these and other studies, and of the published 
literature and field data, indicates that carbide persistence is in- 
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fluenced by many variables; some whose general influence seems 
clear, others which must be better known and evaluated before 
conclusions can be drawn. 

Since strength at temperature is fully as important as structural - 
stability, creep tests were run at 950 F on samples from heat D, 
heated for prolonged periods at the suggested stabilizing tempera- 
ture, i.e., 110 hr at 1320 F, after normalizing from heating at 
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1550 F in one case and from heating at 2200 F, followed by fur- 
nace-cooling to 1550 F in another to yield both fine- and coarse- 
grained structures in a highly spheroidized condition. The result- 
ing creep curves are shown in Fig. 10. Tests were carried out for a 
period of 2400 hr under loads of 12,000 psi. In both cases graphi- 
tization was found after test. The test temperature of 950 F 
was the lowest at which graphitization has been produced in this, 
laboratory. At least in this steel, treatment at 1320 F has not 
insured against graphitization. Structures of the samples before 
and after test are shown in Figs. 11 to 14, inclusive.* 

Nickel-Chrome Moly (WC-4) Steel. Samples of silicon-deoxi- 


3 “Coarsened’”’ means coarsened austenitic grain size. This treat- 
ment results in greater carbon homogeneity. Thus the resulting 
transformation product aggregations (Figs. 11 to 14, inclusive) give 
appearance of finer “‘grain’’in the coarsened sample photomicrographs. 
There isno anomaly. The reader is cautioned not to confuse ‘‘pearl- 
itic’”’ grain-size appearance with austenitic grain which is not shown. 


Fic. 11 Coarspnep WC-1 Brerore CREEP; 500 


dized and silicon-aluminum-deoxidized metal, heat E, were pre- 
pared. Each series was placed in the eight structural conditions 
listed for carbon moly (WC-1) given previously. After exposures 
to a maximum of 6000 hr at 1100 F, no graphization appeared in 
any sample. 

In another series of experiments on a silicon-aluminum-deoxi- 
dized heat, heat F, with samples placed in the same structural con- 
dition, no graphite was found after 7976 hr at 1100 F. Duplicate 
experiments at 1025 F also failed to reveal any evidence of graph- 
ite development. 

As in the carbon-moly steels, creep tests on nickel-chrome-moly 
steel were carried out with identical prior heat-treatment includ- 
ing commercial normalize and draw conditions. No graphitiza- 
tion was found in the bars after test. Structures before and after 
testing were as shown in Figs. 15 to 18, inclusive. 

I¢ will be noted that a number of the structural and deoxidation 
conditions in which WC-4 was placed correspond to those in which 
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rapid graphitization was found in carbon-moly (WC-1) steel. 
Work on WG-4 was confirmed by study of several heats. (Dif- 
ferential quench samples also showed no graphitization.) 


Mops or GRAPHITIZATION 


Emerson (6) has distinguished between two types of graphite 
formation, “nodular” and “‘chain.’”” Our study suggests the de- 
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sirability of including a third type, “flake,” a formation shown in 
Fig. 19. Graphite formations and groupings in reality are in three 
dimensions, not two, as they appear in a photomicrograph. This 
must be borne in mind in any attempt to evaluate apparent orien- 
tations in respect to their evolution and effects. 

Jimerson (6) has illustrated the chain formation in such a way 
as to leave little doubt as to its distribution and possible conse- 
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quence. A flake may be but a progressive development of a chain 
although our studies suggest otherwise. 

For the purpose of identifying graphite, polarized light has been 
very useful. Graphite crystallizes in the hexagonal system and 
shows extreme pleochroism and birefringence in polished section 
(7). Using a first-order red compensator plate, the change from 
red to green with stage rotation is striking and distinctive. This 
and other characteristics of graphite have been observed before in 
this laboratory in the course of its studies on castiron. Hence the 
tool fits very nicely into investigations of graphitization in steel. 

The color change at extinction for a particular crystal depends, 
among other factors, on its orientation with respect to the plane 
of polarization of the light. Differently oriented anisotropic 
crystals will show extinction at different angles of stage rotation. 
Nodular graphite shows a mottling of red and green with a first- 
order red compensator. This indicates that it is formed of many 
small crystallites of various orientations. However, in many 
of the graphite formations described as flake, uniform extinction of 
the whole flake was shown at the same angle. This was evident 
in the flakes shown in Fig. 19. This suggests that the formation 
is of uniform crystal orientation and is of the character of a single 
crystal, bearing close similarity to the flakes found in cast iron. 
The massive portion attached to one of the flakes of Fig. 19 shows 
the mottled effect and is definitely polycrystalline. This sample 
was from a segment of pipe removed from service and given a 
cycling treatment for 800 hr between 950 F and 1100 F. Fig. 20 
is from a sample taken from a casting as removed from service. 
It also shows the single crystal or flake behavior. 

Were these flakes built up from a chain it is improbable that 
there would be crystallographic uniformity along the whole chain. 
The Widmanstitten relationship which exists between matching 
planes of precipitate and matrix can be met in several different 
ways with respect to the plane of polish, so there is no requirement, 
that all graphite particles separating from a single ferrite grain 
should have the same orientation with respect to the plane 
of polish even though the growth mechanisms are identical. 
Thus a plate of graphite built up from a series of particles origi- 
nally in chain form would be expected to be broken up crystal- 
lographically into a number of segments which would be clearly 
revealed by examination in polarized light. 
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There is one point of similarity between flake and chain forma- 
tion which seems significant in attempting to explain the mode of 
graphitization. As shown in Figs. 19 and 20, in Emerson’s illus- 
trations of chain formation (6), and also in certain of the illustra- 
tions of Weisberg (8) and Kerr and Eberle (9), graphite in these 
instances is located in the ferrite grain boundaries. Nodular 
graphite usually is associated with the carbide areas. While chain 
and flake graphite may be attached to carbide areas, perhaps at 
other locations than the plane of polish, the formations extend out 
into regions of primary ferrite. 

The general mechanism of graphite formation involves two 
steps, i.e, formation of a nucleus or initial graphite particle, and 
growth of the particle by diffusion of carbon to it. 

The first step necessitates a local concentration of carbon to- 
gether with some nuclear influence. The nuclear influence may be 
developed in many ways, submicroscopic impurities or other dis-. 
continuities probably playing a major role. A grosser sort is illus- 
trated in Fig. 14 where a graphite flake is seen radiating from a 
manganese-sulphide inclusion. The second step requires diffusion 
of carbon toward the first formed particles from carbides or from 
other graphite particles less capable of sustained growth. As the 
region about the growing particle becomes depleted in carbon, 
migration through the ferrite occurs. Ferrite dissolves a certain 
amount of carbon (varying with temperature) and local depletion 
in one area results in carbon diffusion from another, thus main- 
taining a statistical balance. ° The diffusion distance is extreme in 
some cases as in the chain or flake graphite lying at some distance 
from the carbide “reservoirs.” 

Thus there are two approaches in the problem of preventing 
deterioration: Promotion of relative carbide stability; and the 
lessening of the possibility of diffusion of carbon through ferrite.4 

Other factors being equal, tendency toward graphitization in 
the iron-carbon series increases with increasing carbon content. 
Hypereutectic cast irons (with primary cementite) graphitize 
in the freezing range with the formation of kish or free graphite in 
the partly liquid metal. The gray irons graphitize rapidly in the 


4 “Stability,’’ as used in this paper implies resistance to breakdown 
over a normally expected service life. It is not possible to say that 
any carbide is stable in the true equilibrium sense. However, the 
term is descriptive when used in its practical sense. 
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- interval between the eutectic and eutectoid temperatures. This 


graphitization may continue even below the eutectoid under 
slow-cooling conditions or in the presence of sufficient silicon. 

In the case of malleable iron, the composition is so chosen that 
there is no graphitic carbon as cast. Subsequent treatment is such 
that the cementite is graphitized both above and below the 
eutectoid-transformation range. The mechanism of carbon dif- 
fusion through the ferrite toward graphite particles is perhaps 
most vividly shown by the formation of “bull’s eyes,” graphite 


~ particles surrounded with ferrite in a general pearlitic matrix. 


Graphitic steel is a product of commerce. Austin’s work (10) 
shows how readily high-carbon steel can be graphitized in quite 
a short time. 

In normal carbide areas the concentration of carbon is high, 
well above that of the average for the whole sample. As more and 
more proeutectoid ferrite is present in a given analysis, it is readily 
seen that the carbon concentration in the carbide areas becomes 
much greater, ultimately approaching the eutectoid composition. 
With such concentration gradients a graphitizable steel will 
usually graphitize most readily regardless of state of aggregation 
of carbide. Thus steels with large areas of free ferrite are more 
suspect for serious graphitization than steels of a more homoge- 
neous character even though the more homogeneous steels may 
ultimately graphitize. 

The problem of stabilizing the carbide and preventing diffusion 
in ferrite is complex but its solution is necessary for insuring 
against service failures due to graphitization. All of the carbide 
formers have a solubility in ferrite and under proper circum- 
stances may dissolve even when carbon is present, e.g., in the 
presence of a stronger carbide former. Ina straight molybdenum 
steel the molybdenum undoubtedly is associated in large mea- 
sure with the carbide. Hence with little distortion of the fer- 
rite lattice, the interstitially dissolved carbon is able to diffuse at 
will. The binding forces of the molybdenum are evidently satis- 
fied fully as well in an iron-molybdenum carbide as in a straight 
molybdenum carbide with the result that carbon can be given up 
by the molybdenum to be subsequently precipitated as graphite by 
the ferrite without too greatly altering the state of free energy of 
the system. 

Although good creep properties have been shown for carbon- 
free iron-molybdenum alloys (11) in the normal steels, molyb- 
denum is depended upon for conferring strength at elevated tem- 
peratures in the formation and distribution of a stable and resist- 
ant carbide. Yet it is known that certain amounts are dissolved 
in the ferrite. In a higher-carbon steel, 0.70 carbon, Bowman, 
Parke, and Herzig (12) have shown the amount in the ferrite to be 
of fairly low order, possibly less than 20 per cent of the total. 
Partition data on steels such as described in this report, are not 
available. It may be reasoned, however, that the partition co- 
efficient would be changed with composition and with lower car- 
bons more molybdenum would dissolve in the ferrite. Carbon- 
molybdenum steel castings for ET service contain some 30 to 50 
per cent more carbon than carbon-moly piping, and hypotheti- 
cally, the partitionment of molybdenum in ferrite in the piping 
would be greater than in the castings. Yet the piping materials 
graphitized. perhaps more readily than the castings, at least such 
appears to be the case from the service record. This suggests that 
increasing molybdenum dissolved in ferrite would not bring about 


- assurance of freedom from graphitization. 


Creep properties at elevated temperatures are markedly altered 
by carbide pattern and distribution. Hence it would appear that 
the superior creep properties of molybdenum-bearing steels are de- 
pendent in large part upon the molybdenum or iron-molybdenum 
carbide and are not to be sought in steels alloyed with stronger car- 
bide formers in which the molybdenum would be forced to 
much greater extent into the ferrite, leaving the new alloying 


element, such as vanadium or titanium, to form the principal car- 
bides. Such steels have not been shown to possess superior ele- 
vated-temperature properties in the absence of molybdenum and 
improve molybdenum steels to but minor extent. Thus such 
carbides cannot be looked on as a source of strength at such tem- 
peratures. 

To protect against graphitization by use of alloys it appears 
that greater success might be achieved by use of weaker carbide 
formers than molybdenum or by noncarbide formers, which would 
dissolve in the ferrite and force more molybdenum into the car- 
bide. By distortion of the iron lattice with dissolved elements, 
diffusion is interfered with and at the same time the ferrite is 
strengthened: The molybdenum being forced further into the 
carbide should confer additional elevated temperature strength to 
the carbide. Copper, cobalt, and nickel do not form carbides and 
might be found to perform this particular function. Chromium 
would show similar behavior since, although a carbide former, it 
is weaker in this respect than molybdenum. It is probable that 
combinations of these would be of more effect than when used 
singly, in accordance with general knowledge of the behavior of 
alloying elements. j 

The foregoing reasoning is hypothetical. Partition data are not 
as yet available by which the hypothesis can be fully evaluated. 
However, behavior of steels of the type of WC-4, nickel-chrome- 
moly lends substantiation to its correctness. This steel could not 
be graphitized under any set of conditions in the laboratory and 
has not graphitized in service. 

Furthermore, it has creep properties superior to carbon-moly 
steel as is indicated by the various creep studies. Creep tests 
with various comparable structures confirm this. (They are not a 
part of this report since they in themselves have little bearing on 
the graphitization problem.) The nickel may play an important 
part in this stabilization or it may be looked upon more as a safety 
measure since, not being a carbide former, it opposes ferrite solu- 
tion of the other elements but would not in itself be partitioned. 
The finding by Smith, Miller, and Tarr (13) that a molybdenum 
steel containing 0.17 chromium was readily graphitizable and by 
Hoyt (14) that a 0.50 chromium steel could be graphitized leads 
to some question whether steels containing this chromium alone 
(as has been proposed) would provide complete assurance against 
graphitization. It remains for subsequent work to demonstrate 
conclusively whether or not such additions can be relied on for 
this purpose, over a wide range of manufacturing, fabrication, and 
operating conditions. 


Discussion OF RESULTS OF STUDIES 


While the Springdale failure was disconcerting, possibilities of 
graphitization probably should not have been unexpected. In the 
high-carbon steels the problem had been studied rather exten- 
sively, especially by Austin and co-workers. A failure in straight 
low-carbon steel also had been observed under quite similar cir- 
cumstances. : 

In detection of early stages of graphitization the most useful 
tool is the microscope. To observe graphite in a polished section 
a special technique is involved for its retention in the section, the 
graphite being readily removed in the the normal polishing opera- 
tion. Undoubtedly, were graphite present it would have been 
preserved with inclusion polishing. However, inclusions almost 
invariably are studied before extended heat-treatment rather than 
after. This probably accounts for graphite not being detected 
even in creep samples until its presence was suspected. 

The major question that arises is whether or not any carbide is 
stable under all conditions of temperature and pressure. It is en- 
tirely possible that none is, ultimately; yet certain carbides may 
prove sufficiently persistent to endure for the expected service life 
of the parts without undue deterioration. | 
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It is not known what conditions are required for carbide sta- 
bility. Molybdenum is normally considered a strong carbide 
former yet failure took place in a molybdenum-bearing stecl. 
Chromium is less strong as a carbide former than molybdenum 
yet a nickel-chrome-moly steel proved quite resistant to graphiti- 
zation experimentally and evidence from field service supports 
the laboratory findings. Results of others suggest that sufficient 
percentages of chromium likewise might be proved effective. The 
hypothesis has been advanced in the present paper that ferrite 
plays an active part at least in chain or flake graphitization. It 
must play a part in nodular graphitization also. If this hypothe- 
sis is correct, then an explanation of the stability of the nickel- 
chrome-moly steel may be found in the fact that the nickel is dis- 
solved in the ferrite, and, with a stronger carbide former, molyb- 
denum, being present than the chromium, the chromium likewise 
is largely dissolved in the ferrite, resulting in the conferring of 
stability to the ferrite against carbon rejection in the form 
of graphite. 

It is believed that if a steel initially is seriously unstable from 
its composition, no amount of ‘‘doctoring” will insure sufficient 
stability for prolonged service. Thus production of a straight 
carbon-moly steel of coarse grain size and normal McQuaid-Ehn 
structure is not sufficient to prevent graphitization over normal 
service periods although the graphitization rate may be very 
considerably slower or its initiation require more unfavorable 
fabricating and operating conditions. A desirable initial structure 
likewise may retard but will not insure against graphitization. 
This has been shown not only for different distribution of consti- 
tuents but also for their constitution, as, contrary to the sugges- 
tion of some workers, steels annealed at temperatures which 
would promote formation of a presumably more stable molybde- 
num carbide subsequently graphitized at lower temperatures. 

It appears also that little is to be safely hoped for by modifica- 
tion of weld practice short of normalizing the whole assembly 
before installation since any type of localized heating will result in 
some zone being heated into the temperature range critical for 
graphitization. 

Thus far, critical field graphitization has been found adjacent to 
welds. In many instances, however, noncritical graphitization has 
been found elsewhere in piping and castings. In no case that 
has come to the authors’ attention has graphitization proceeded as 
far as at Springdale. Thus it is perhaps fortuitous that critical 
graphitization has not been found in regions not associated with 
welds. The recent finding at Springdale of graphite precipitated 
on slip planes well removed from a weld leads to suspicion that 
finding of such critical graphitization may be made in the not too 
remote future. 

The use of alloys for stabilization appears to offer the most 
promising hope against such a condition. As indicated, it may be 
as fully necessary to stabilize the ferrite as to stabilize the carbide. 
Both laboratory and field experience appear to indicate that a 
steel conforming to A.S.T.M. A-217-WC-4 is an approach in this 
direction. 


SUMMARY 


From many samples studied both from field service and con- 
trolled laboratory experiment it has not been shown possible to 
insure against graphitization of carbon-molybdenum steel through 
’ any of the controlled procedures of melting and deoxidation prac- 
tice or heat-treatment. The evidence would appear to indicate 
that freedom from graphitization is to be sought through the use 
of alloy additions which confer greater stability to the carbide. 
Cases cited in the literature of graphitization of low-alloy chrome- 
molybdenum steel at conventional service temperatures lead to 
little assurance of freedom from graphitization over the normal 
service life by the use of such low chromium additions to the moly 
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steels alone. Critical percentage ranges, if existent, should be re- 
vealed by co-operative work being undertaken by various agencies. 
Extensive experimental data lead to such assurance for the nickel- 
chrome-moly steels within the present specification range of 
A.S.T.M. A-217-WC-4. Experiments with carbon-moly steel 
have been duplicated for the most part with nickel-chrome-moly 
steel with special reference to those conditions which are critical 
for carbon-moly steel, silicon-aluminum kill resulting in a highly 
abnormal steel structure. In no case has graphitization been 
found in the nickel-chrome-moly steel. 

A hypothesis has been put forth concerning the mode of graphi- 
tization based on the observed graphitization behavior of both 
plain-carbon and carbon-moly steels. Use has been made of this 
hypothesis to explain the resistance to graphitization of the nickel- 
chrome-moly steels. The experimental evidence would appear to 
indicate that the hypothesis is substantially correct. 
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Discussion 


F. Eperyz.® One of the most important facts developed in 
this paper is the experimental evidence of the fundamental insta- 
bility and, incidentally, also of the relatively great stability of 
straight silicon-killed McQuaid-Ehn coarse-grained and normal 
carbon-molybdenum steels. At 975 F, which may be considered 
as an upper temperature limit for the use of this steel in steam- 
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plant operation, the authors found the rate of graphitization to be 
very slow and therefore they conducted most of their experi- 
ments at 1100 F. Even at this extreme and impractical tempera- 
ture only one out of the described ten test samples of straight 
silicon-killed carbon-molybdenum steel produced graphite within 
6000 hr. The sample which did graphitize had been in the 1650 F- 
furnace-cooled condition in which the steel is most susceptible to 
graphitization. 

‘As a further illustration of the fundamental instability and the 
relatively great stability of McQuaid-Ehn normal carbon-molyb- 


~ denum steel, we present the following results of tests and exam- 


inations conducted in the laboratory of the writer’s company: 

Case 1. A creep-rupture specimen containing a 1200 F, stress- 
relieved, standard, multiple-pass are weld in the center of the gage 
length was found free of graphite after 11,400 hr at 950 F under 
20,000 psi which is 2'/, times the allowable working stress. The 
steel was silicon-aluminum-deoxidized (0.75 lb. of aluminum per 
ton) and was McQuaid-Ehn normal- and medium-grained (grain 
size No. 6). Prior to the welding the steel had been normalized at 
1650 F. 

Case 2. A ereep-test specimen made of 1650 F normalized un- 
welded silicon-aluminum-killed carbon-molybdenum steel (0.5 lb. 
of aluminum per ton) also was found free of graphite after 8380 
hr at 950 F under 10,000 psi which is 11/, times the permissible 
working stress. This steel, too, was McQuaid-Ehn normal- and 
medium-grained (grain size No. 4-5 with some No. 6). 

Case 3. A creep-test specimen made of the same materialas 
previously described (case 2), but containing a standard multiple- 
pass are weld, stress-relieved at 1200 F, in the center of the gage 
length, was found to contain a very few tiny graphite nodules in 
the low-temperature end of the weld-affected metal after 8380 hr 
at 950 F under 10,000 psi which again is 11/, times the allowable 
working stress. These graphite nodules were so small that they 
could be recognized only at very high magnification and then 
identification was not absolutely assured (see Fig. 21 of this dis- 
cussion). 

Case 4. Another creep-test specimen, again made of the same 


material as used for the last described two samples, but containing 
repeatedly arc-welded and unstress-relieved shoulder pads at the 
ends of the gage length, was found totally free of graphite after 
7002 hr at 950F under 10,000 psi which is 1*/, times the per- 
missible working stress. ; 

Case 5. A creep-test specimen made of straight silicon-killed 
McQuaid-Ehn normal- and coarse-grained carbon-molybdenum 
steel (grain size Nos. 2-4) in the 1650 F annealed (slow-furnace- 
cooled) condition and containing a standard multiple-pass arc 
weld, stress-relieved at 1200 F’, in the center of the gage length, 
was found free of graphite after 5800 hr at 1000 F under 10,000 
psi which is twice the working stress permitted by the Boiler Code. 

Case 6. An identical creep-test specimen as just described, but 
with an unstress-relieved weld in the center of the gage length, was 
found to contain scattered medium-sized graphite nodules in both 
the weld-affected and weld-unaffected metal after 13,420 hr pt 
1000 F under 10,000 psi, which again is twice the allowable work- 
ing stress, Fig. 22 (a and b). 

Case %. Another creep-test specimen of the same annealed 
straight silicon-killed carbon-molybdenum steel as previously 
described (cases 5 and 6) and again containing a 1200 F stress-re- 
lieved standard multiple-pass are weld in the center of the gage 
length, also displayed scattered medium-sized graphite nodules in 
both the weld-affected and weld-unaffected metal after 13,440 hr 
at 1000 F under 10,000 psi. Number and size of the graphite 
nodules were not markedly different from those in the unstress- 
relieved weld specimen of case 6, Fig. 23 (a and b). 

Case 8. An unwelded section of a refinery tube of straight sili- 
con-killed McQuaid-Ehn normal and coarse-grained carbon- 
molybdenum steel was found free of graphite after 39,420 hr ser- 
vice at 1050 F under 2140 psi. The stecl of this tube contained 
also 0.61 per cent nickel. 

Case 9. Another straight silicon-killed carbon-molybdenum 
steel refinery tube, containing 0.45 per cent nickel, likewise was 
found free of graphite after 30,660 hr of service at 1050 F to 1070 F 
under 2080 psi. 

Case 10. A third, straight silicon-killed, carbon-molybdenum 
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(a) Low-temperature end of weld- (b) Weld-unaffected 
affected zone; 500 «metal; * 500 


Vie. 22 Crepp-Trest SPECIMEN Case 6. 


(a) Low-temperature end of weld- (b) Weld-unaffected 


affected zone; 500 metal; 500 
Fic. 23. Creep-Test Specimen Case 7 ; 


steel refinery tube with 0.48 per cent nickel also was found free 
of graphite after 30,660 hr of service at temperatures of 1080 to 
1100 F under 1860 psi. 

These examples permit some interesting deductions. A study 
of cases 1 and 3 shows that susceptibility to graphitization is not a 
direct function of the amount of aluminum added in deoxidization 
practice and that two steels may possess similar McQuaid-Ehn 
case characteristics and yet display a marked difference in sus- 
ceptibility to graphitization. ; 

A comparison of cases 2 and 3 demonstrates that weld-affected 
metal in the stress-relieved condition is decidedly more suscep- 
tible to graphitization than normalized and stress-relieved metal. 

Cases 5 to 7 show that straight silicon-killed McQuaid-Ehn 
coarse-grained and normal carbon-molybdenum steel is funda- 
mentally unstable and will graphitize under extreme conditions. 

The absence of graphite in the three nickel-containing refinery 
tubes raises the question whether the resistance to graphitization 
of these tubes is due to the nickel in the steel. The authors have 
expressed the opinion that nickel, dissolved in the ferrite, may 
prevent graphitization by interfering with the carbon diffusion : 
due to distortion of the ferrite lattice and by forcing more molyb- Fic. 24 Muicrosrructure or Rerinpry-Tusn, Case 9; 500 
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denum into the carbide. The microstructure of the three refinery 
tubes, an example of which is depicted in Fig. 24 of this discussion, 
shows a high degree of carbide diffusion, spheroidization, and 
coalescence. One can readily imagine that a low rate of carbon 
diffusion may retard the beginning of graphite formation and the 
growth of the graphite cells formed, but in the case of a steel which 
has undergone fargoing carbide diffusion and coalescence, the rate 
of carbon diffusion does not seem to have been a factor in pre- 
venting graphitization. It also appears to us to be doubtful that 
nickel conferred stability to the ferrite against carbon rejection in 
the form of graphite by mechanically strengthening the ferrite, 
i.e., by increasing the work to be done by the volume expansion 
resulting from the carbide dissociation, since another element, 
silicon, which is a much more powerful ferrite strengthener than 
nickel, is known to promote carbide dissociation. However, the 
possibility that nickel dissolved in the ferrite forces more molyb- 
denum into the carbide, as suggested by the authors, remains. 

One may also wonder if the addition of an element which dis- 
‘solves in the ferrite, such as nickel, does not modify the elec- 
trostatic balance in the ferrite lattice in a manner which is less 


favorable to carbon rejection in the form of graphite. It all goes - 


to show that there is much to be learned yet before a full under- 
standing of the phenomenon of graphitization is attained. The 
authors have presented some significant facts and have indi- 
cated a new approach to the solution of this difficult problem for 
which they deserve appreciation and thanks. 


L. H. Carr.® In the Edward laboratories, we have been mak- 
ing extensive graphitization tests for the past year andahalf. We 
have obtained a certain amount of test data which does not differ 
in its essential details from most of that which has been presented 
already. The tests show up many of the same anomalies which 
have already been pointed out. They seem to show that we all 
know a number of factors which definitely have to do with a 
tendency toward graphitization, but that we do not know for 
sure of an economical solution which can be applied to steel- 
makers the country over which will guarantee the absence of 
graphite for service times of 5 to 25 years. 

For example, we have found such conflicting data as the follow- 
ing: Samples of cast carbon-molybdenum steel from one foundry 
source deoxidized with 2 Ib of aluminum per ton will develop 
graphite in every test. Samples of the same material again de- 
oxidized with 2 lb of aluminum per ton from another foundry 
source have never developed graphite in any of our tests. On 
the other hand, the foundry source whose material graphitizes 
with high aluminum addition, has made a number of test bar 
heats of either no aluminum or 1/2 lb per ton. None of these 
specimens has graphitized in our tests, but other investigators 
have found graphite developing in steels of low aluminum addi- 
tions. We have tested a good many heats of steel graphitized 
when stress-relieved at 1200 F after welding, and none of them 
showed graphite when stress-relieved at 1300 F after welding. 
Again, however, other investigators have reported this as not be- 
ing a foolproof preventive. We have tested a number of heats 
of cast carbon-molybdenum steel containing from 0.40 to 0.60 
per cent chromium for test periods as long as 10,000 hr at 1025 
F. Again none of these specimens has shown graphite, although 
we have heard from other investigators that they have found 
graphite in some steels containing chromium. 

Again, we might call attention to a number of pipe investiga- 
tions wherein graphite has been found distributed in a number of 
random locations away from any apparent welding or heating. 
It would seem therefore that perhaps graphitization is a little bit 
like creep in that at high temperatures we will always have some, 
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and that the engineering and metallurgical problem is to minimize 
this tendency toward graphitization, rather than to try to erase 
it 100 per cent in all cases. 

In view of the fact that different steclmakers, using nominally 
the same practice, produce carbon-molybdenum steels of widely 
differing graphitization tendencies, it would seem that too much 
weight could not be given to the results of any one graphitization 
investigator. Furthermore, it is felt that too many suggested 
solutions to the whole problem have been discarded because of 
just one or two graphite spots widely distributed in a sample. 
Since no simple cure-all for the matter has been developed, it 
would seem that the best way to give engineers the information 
they need today would be to summarize all available test infor- 
mation in some sort of a statistical score sheet. This might show, 
for example, that of several thousand specimens of high-alu- 
minum carbon-molybdenum steel 30 per cent would show 
graphitization at the end of a certain testing time. It might 
show in the case of several thousand other low-aluminum carbon- 
molybdenum steels that 3 or 4 per cent would show graphitization 
under similar time and temperatures. Again, it might show that 
of specimens stress-relieved at 1300 I’, a certain per cent would 
show graphitization. Several hundred specimens of chromium 
containing carbon-molybdenum steels might show that only one 
or two had developed any graphite. It would also be desirable to 
work out some simple method of classifying the degree of graphi- 
tization. A simple statement of “Yes, it is present,” or “No, it 
is not,” leads to the condemnation of many test samples which 
are structurally quite sound, but which show one or two isolated 
graphite spots. Samples in which two out of three fields of view 
show no graphite in the critical area should perhaps receive a sepa-~ 
rate classification. 

It is believed that a large amount of data of this sort is now 
available in laboratories throughout the country, which will 
represent the widest possible range of steel manufacture. A table 
of this sort should enable engineers to select materials for today’s 
problems on a much more rational basis than merely listening to 
the opinions of any one or two investigators. 


AutHors’ CLOSURE 


The authors are indebted to Mr. Eberle and Mr, Carr for their 
discussions and interest. The cases cited by Mr. Eberle are 
significant in illustrating the profound influence of minor varia- 
tions of treatment on graphitizing tendency. In our own work 
we have found that in certain samples which were presumed to be 
homogeneous, since they were cut out of larger parts which had 
been treated as a whole, a particular region would display a 
marked shower of graphite particles while the remainder of the 
sample would be devoid of visible graphite (on the same polished 
section). ‘This made for great tedium in the microscopic ex- 
amination for the failure to find graphite at the first examination 
gaye no assurance graphite was not present and in significant 
quantity. Particular conditions of divorcement of ferrite and 
carbide were suspect, as brought out in the paper and if graph- 
ite was not found in the first instance, the sample was ground 
down and repolished through successive layers until there was 
reasonable assurance that graphite either was or was not 
present, 

This critical examination was required by the nature of the 
Springdale failure and by the findings on the graphitized valve 
body described in the paper. The graphite found on a particular 
section may not be significant in revealing the degradation of 
the whole member. This was brought out by Blumberg in the 
general discussion of graphitization at the December, 1943, 
meeting of the A.S.M.E. 

The foregoing comments will partially serve in reply also to 
Mr. Carr. The compilation and statistical analysis of graphitiza- 
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tion data suggested by Mr. Carr would possess a certain interest 
but would afford small satisfaction to the design engineer. To 
lay out a power plant with the knowledge that 30 per cent or 
even 3 per cent of the steels involved would graphitize within the 
normal service life, perhaps seriously, would not be very comfort- 
ing. It is quite true that we shall always have a little creep at 
these high temperatures but creep is something that can be meas- 
ured and predicted and loading values are selected so that total 
creep Over service expectancy is kept smallin amount. However, 
the action through which controlled creep takes place does not 
lead to marked degradation of the physical properties. Graphi- 
tization involves degradation and may in some instances lead to 
serious failure. We therefore believe that erasing of graphitiza-~ 
tion 100 per cent is the metallurgical problem and to fail to strive 
for that end is not sound. j 

Question has been raised regarding usage of 1100 F as a 
graphitization test temperature. The results presénted at this 
session of the Joint E.K.1.-A.E.1.C. Investigation supports our 
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position in this. Although we made no detailed attempt to 
measure graphitization quantitatively, qualitatively it appeared 
from our results that time was the principal factor affected by 
using higher temperatures. Iurthermore, 1100 F is a directly 
significant temperature when it is considered that in some newer 
installations operating swings will closely approach it. 

We affirm our position that for increasing the relative stability 
the judicious use of alloys offers the safest approach. Also, the 
mechanisms are such that simple concepts, for example that 
thermodynamic stability of carbides is the only factor, may be 
not only misleading, but also dangerous. In support of our 
findings on WC-4 steel other investigators working within the 
chemistry of this specification have found samples with weld 
metal deposited thereon resistant to graphitization in the weld- 
affected zone over periods up to 10,000 hours at 1100 F. If the 
chart on graphitization rates prepared for the Summary Report 
of the Joint E.E.1.-A.E.1.C. may be presumed correct this would 
be te equivalent of 100,000 hours at 925 F. 


Influence of Heat-Treatment Upon the 


Susceptibility to Graphitization of 
High-Aluminum-Deoxidized 


Carbon-Molybdenum Steel 


By F. EBERLE,! BARBERTON, OHIO 


Susceptibility to graphitization of carbon-molybdenum 
steels may be influenced by heat-treatment of the mate- 
rial prior to installation. Tests are reported in this paper 
on high-aluminum-deoxidized pipe with welded upset 
ends, the upsetting being carried out at 2000 F without 
subsequent heat-treatment. Graphitization in certain 
zones of the pipe were in evidence. Subsequently the in- 
fluence of prior heat-treatment or weld heat effects upon 
susceptibility to graphitization was explored. The pro- 
cedure and results attained are recorded in this paper. 


INTRODUCTION 


STUDY of the behavior of carbon-molybdenum steels in 
A long-time service at steam-plant operating temperatures 

led to the observation that susceptibility to graphitiza- 
tion may be influenced by the heat-treatment of the material 
prior to installation. For example, in high-aluminum-deoxidized 
pipe with welded upset ends, the upsetting being carried out at 
2000 F without subsequent heat-treatment, the following condi- 
tions might be encountered: 


(a) High-temperature end of weld-affected upset material: 
not graphitized. 

(b) Low-temperature (1300-1400 I’) zone of weld-affected up- 
set material: graphitized. 

(c) Weld-unaffected upset part of pipe: not graphitized. 

(d) Transition zone from the upset to the unupset part of the 
pipe which had been heated to and cooled from a temperature of 
1300-1400 F: graphitized. 

(e) Heat-unaffected unupset body of the pipe: graphitized or 
not graphitized, depending on the heat-treating temperature and 
rate of cooling prior to installation. 


This influence of prior heat-treatment or weld heat effects 
upon susceptibility to graphitization was subsequently explored 
with a series of experiments designed to examine the following 
factors: 


1 Rapid cooling from very high temperatures as sometimes 
encountered in upset pipe ends and in the high-temperature zone 
of weld-affected metal. 

2 Slow cooling from very high temperatures, sometimes found 
in pipes and heavy castings. 

3 Rapid cooling from temperatures above but in the vicinity 
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of the A; point of the steel as employed in standard normalizing 
treatment. 

4 Slow-cooling from temperatures above but in the vicinity 
of the A; point of the steel as met in “normalized” heavy 
castings. 

5 Rapid and slow cooling from temperatures just above the 
A, point of the steel after heat-treatments (1) to (4) as may occur 
in the low-temperature zone of weld-affected metal (“contact 
zone’). 

6 Quenching of normalized material from temperatures just 
above and just below the A; point of the steel as may be encoun- 
tered in the contact zone between weld-affected and weld-un- 
affected metal. 

7 Annealing at 1200 F and 1300 F, respectively, as employed 
for stress-relieving. . 

No attempt was made in these experiments to reproduce exact 
fabrication conditions, i.e., the rate of cooling in the normal- 
ized samples was sometimes faster, the quenching of the quenched 
samples more drastic, and the cooling of the annealed samples 
slower than in fabricated material. This was done purposely in 
order to establish fundamental trends and, if possible, to shed 
more light on the mechanism of graphitization. 


EXPRRIMENTAL PROCEDURES 


For some of the tests only unwelded specimens were used, con- 
sisting of #/s-in. cubes machined from the heat-treated material 
so as to eliminate oxidized and decarburized surface metal. In 
general, the heat-treating was done in a salt or lead bath. Some 
tests with unwelded material were run in duplicate, one set of 
specimens remaining in the heat-treated and machined condi- 
tion, while identical specimens of a second set were 50 per cent 
cold-compressed in a tensile machine prior to the soaking in the 
lead bath at 1000 F. This severe cold deformation had been 
found generally to promote or accelerate graphitization and 
helped to induce the formation of graphite in some conditions of 
heat-treatment where it would otherwise not occur, at least not 
within the chosen duration of the tests. 

A second set of experiments was conducted with special spot 
welds consisting of 1-in-diam X 1/s-in-thick disks which were pre- 
pared by placing them between the water-cooled electrode tips of 
a spot-welding machine and applying sufficient current to fuse 
the core of the disks from cold to fusion within 1/15 sec, #/15 sec, and 
1/; sec, respectively, the disks then cooling to room temperature 
within 1 sec. These tests were intended to give information on 
the effect of extremely rapid cooling under conditions of 
welding. 

A third series of tests was carried out with regular multiple-pass 
are welds prepared by joining two plates which had been water-, 
air-, or slow furnace-cooled from 2200 ¥ and 1650 F, respectively, 
prior to the welding, water-cooled plate being welded to water- 
cooled plate, and air-cooled plate to air-cooled plate, etc. Each 
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of these test welds was then cut into three sections, one section 
remaining in the as-welded condition, a second section being 
standard stress-relieved at 1200 F and the third section annealed 
at 1300 F for 20 hr. These tests were intended to furnish in- 
formation on the effect of various heat-treatments under actual 
fabricating conditions. 

All graphitization tests were conducted in a charcoal-covered 
lead bath held at 1000 F. 
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MATERIALS 


Two types of carbon-molybdenum steel were employed: Two 
high-aluminum deoxidized steels of great susceptibility to graph- 
itization (steels A and B) and a high-aluminum-deoxidized steel 
of low susceptibility to graphitization (steel C). The deoxidation 
practice, McQuaid-Ehn case characteristics, and chemistry of 
these steels are given in Tables 1 to 6 which also contain sum- 
maries of the test results. 


TABLE 1 TEST SERIES A—TESTS WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 
(Specimens #/4-in. cubes machined from heat-treated material) 
Steel "A": Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm.) 
.19C, .48Mn, .16Si, .018P, .024S, .52Mo, .039 Al, .009 Al.0; 
Specimen Heat Treatment Results of 3000 hr Tests At 1000F Ilustration 
Bl 1 hr 2200F/Air No Graphite 
‘ B2 1 hr 2200F/Air +-50% Cold Reduction No Graphite 
B3 1 hr 2200F/Air +-1 hr 1400F/Fce (1° /hr) Very Few Scattered Very Small Nodules 
B4 1 hr 2200F/Air ++-1 hr 1400F/Fee (1° /hr) Scattered Small Nodules * Fig. 1 
+50% Cold Reduction 
El 1 hr 1650F/Air No Graphite ‘ 
BZ 1 hr 1650F/Air -}-50% Cold Reduction Scattered Small Nodules Fig. 2 
E3 1 hr 1650F/Air +-1 hr 1400F/Fce (1° /hr) No Graphite 
E4 1 hr 1650F/Air +1 hr 1400F/Fee (1° /hr) Few Scattered Small Nodules 
+-50% Cold Reduction 
E5 1 hr 1650F/Air +-1 hr 1400F/Air Very Few Scattered Very Small Nodules 
E6 1 hr 1650F/Air -+-1 hr 1400F/Air Few Scattered Small Nodules 
+ 50% Cold Reduction 
E7 1 hr 1650F/Air --1 hr 1400F/Water Few Scattered Very Small Nodules 
E8 1 hr 1650F/Air +1 hr 1400F/Water Scattered Very Small Nodules 
-+-50% Cold Reduction 
C1 1 hr 2200F/Fce (50° /hr) Scattered Large Nodules Fig. 3 
C2 1 hr 2200F/Fee (50° /hr) +50% Cold Reduction Increased Number Of Scattered Large Nodules 
(ce 1 hr 2200F/Fee (50° /hr) +1 hr 1400F/Fce (1° /hr) Very Few Scattered Small Nodules 
C4 1 hr 2200F/Fee (50° /hr) +-1 hr 1400F/Fce (1° /hr) Grain Boundary Chain Graphite And Scattered Fig. 4 
-+-50% Cold Reduction Medium Sized Nodules 
Fl 1 hr 1650F/Fee (50° /hr) Segregated Graphite At Surface Only 
F2 1 hr 1650F/Fce (50° /hr) +50% Cold Reduction Scattered Small Nodules 
F3 1 hr 1650F/Fee (50° /hr) +1 hr 1400F/Fce (1° /hr) Few Scattered Small Nodules 
F4 1 hr 1650F/Fee (50° /hr) +1 hr 1400F/Fce (1° /hr) Scattered Small Nodules Fig. 5 
-+50% Cold Reduction 
F5 1 hr 1650F/Fce (50° /hr) -++-1 hr 1400F/Air Very Few Scattered Small Nodules 
F6 1 hr 1650F/Fce (50° /hr) +1 hr 1400F/Air Scattered Small Nodules 
+50% Cold Reduction 
F7 1 hr 1650F/Fce (50° /hr) -+-1 hr 1400F/Water Few Scattered Small Nodules 
F8 1 hr 1650F/Fce (50° /hr) -+-1 hr 1400F/Water Scattered Small Nodules Fig. 6 
+25% Cold Reduction 
TABLE 2 TEST SERIES B—TESTS WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 
(Specimens #/4-in. cubes machined from heat-treated material) 
Steel ‘'B'’: Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 
-11C, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al.0, 
Specimen Heat Treatment Results Of 3000 hr Tests At 1000F 
SRI 4 hr 2200F/Fce (50° /hr) No Graphite 
SR2 4 hr 2200F/Fce +4 hr 1200F/Fce localized Nodules At Surface Only 
SR3 4 hr 2200F/Fce +-4 hr 1300F/Fce Some Scattered Medium Nodules At Surface Only 
SR4 4 hr 2200F/Fce +-50% Cold Reduction Numerous Small To Medium Nodules 
SR5 4 hr 2200F/Fce +-50% Cold Red. +-4 hr 1200F/Fce Numerous Small To Medium and Some Large Nodules 
SR6 4 hr 2200F/Fce -+-50% Cold Red. -+-4 hr 1300F/Fce Medium Amount Of Small To Medium And Some Large Nodules 
SR7 4 hr 2200F/Water No Graphite 
SR8 4 hr 2200F/Water --4 hr 1200F/Fce No Graphite 
SRO 4 hr 2200F/Water -|-4 hr 1300F/Fce No Graphite 
SR1O 4 hr 2200F/Water -|-50% Cold Reduction No Graphite 
SRI] 4 hr 2200F/Water +-50% Cold Red. -+-4 hr 1200F No Graphite 
SR12 4 hr 2200F/Water +-50% Cold Red. -+-4 hr 1300F No Graphite 
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TABLE 3 TEST SERIES C—TESTS WITH UNWELDED SPECIMENS IN VARIOUS CONDITIONS OF HEAT-TREATMENT 


(Specimens 8/i-in, cubes machined from heat-treated material) 


Steel "A": Si-Al Killed (1.8 Ib. Al/Ton), McQuaid-Ehn Grain Size 7 (Abnorm.) 
19C, A&Mn, 16Si, .018P, .024S, .52Mo, .039 Al, .009 Al.0, 


Specimen Heat Treatment Results Of 1500 hr Tests At 1000F 
Gl 1 hr 2200F/Air ++ 1 hr 1300F/Fce No Graphite 
G2 | hr 2200F/Air -+ 1 hr 1300F/Fee -+-50% Cold Reduction Small Nodules At Surface Only 
G3 | hr 1650F/Air +- 1 hr 1300F/Fee No Graphite 
G4 | hr 1650F/Air +- 1 he 1300F/Fee 4-50% Cold Reduction Few Small Nodules At Surface Only 
G5 1 he 1650F/Air +20 hr 1300F/Fce No Graphite 
G6 1 hr 1650F/Air -+ 20 hr 1300F/Fce 450% Cold Reduction Few Small Nodules At Surface Only 
H1 1 hr 2200F/Fee (50° /hr) 4+ 1 hr 1300F/Fce Some Small To Medium Nodules At Surface Only 
H2 1 hr 2200F/Fee (50°/hr) 4- 1 hr 1300F/Fce 4+-50% Cold Red. Numerous Small Nodules 
H3 1 hr 1650F/Fee (50° /hr) -+- 1 hr 1300F/Fce Some Small Nodules At Surface Only 
H4 1 hr 1650F/Fce (50°/hr) ++ 1 hr 1300F/Fee 4-50% Cold Red. Few Small Nodules 
H5 1 hr 1650F/Fce (50° /hr) -|-20 hr 1300F/Fce Some Small Nodules At Surface Only 
H6 1 he 1650F/Fce (50° /hr) + 20 hr 1300F/Fce 4-50% Cold Red. Some Small Nodules At Surface Only 


TEST SERIES D—TESTS WITH UNWELDED SPECIMENS QUENCHED FROM TEMPERATURES JUST ABOVE 
AND JUST BELOW THE A; POINT OF THE STEEL 
(1/2 & 1/4 X '/, in, specimens, normalized at 1650 F) 


TABLE 4 


Steel “B'': Si-Al Killed (1.8 Ib, Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnorm.) 
VIC, .45Mn, .14Si, .012P, .026S, .53Mo, .036 Al, .006 Al,0; 


Specimen Heat Treatment Results of 10000 hr Tests At 1000F 
K) Vo hr 1400F /Ice-Brine Uniformly Scattered Graphite 
K2 Vy hr 1350F/Ice-Brine Less Uniform And Less Graphite Than In KI 
K3 Yo hr 1300F /Ice-Brine As In K2 
K4 Vy he 1250F/Ice-Brine As In K2 


TABLE 5 TEST SERIES E—TESTS WITH DISKS CONTAINING SPOT-WELD-FUSED CORES 
(Specimens 1 in. diam % 1/s in. thick, machined from material normalized at 1700 F and heated between the water-cooled electrode tips of a 
spot-welding machine) 


Steel 'B'': Si-Al Killed (1.8 Ib, Al/Ton), McQuaid-Ehn Grain Size 6-7 (Abnormal) 
.11C, .45Mn, .14Si, .012P, .026S, .036 Al, .006 Al.0; 


Heating Time Cooling Time Results of 10000 hr Tests At 1000F 


Specimen To Fusion To Room Temp Fused Core Contact Z. Weld-Aff./Weld-Unaff, M Weld-Unaff, Metal 
a 1/15 sec. 1 sec, No Graphite Few Scattered Nodules Few Scattered Nodules 
12 2/15 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 
\3 1/5 sec. 1 sec. No Graphite Few Scattered Nodules Few Scattered Nodules 


TABLE 6 TEST SERIES F—TESTS WITH STANDARD MULTIPLE-PASS ARC WELDS 
(Specimens 5 X 5 X 1-in. plate sections in various conditions of heat-treatment, welded together and post-weld-treated as indicated) 


Steel 'C"'; Si-Al Killed (1.5 Ib, Al/Ton), McQuaid-Ehn Grain Size 5-7 (Slight To Medium Degree of Abnormality) 
.18C, .83Mn, .23Si, .016P, .0235, A9Mo, .041 Al, .029 Alz0s 


Results Of 6000 hr Tests At 1000F 


2200F Treated Material 1650F Treated Material 
Heat-Aff. Z. 


Heat Treatment Of Plate Postweld Heat-Aff. Z. 

Specimen Pair Treatment Weld-Unaff, M. (Contact Z,) Weld-Unaff, M (Contact Z,) 
M1 2200F /Water—1650F/Water None No Graphite No Graphite No Graphite No Graphite 
M2 2200F /Woter—1650F/Water 1 hr 1200F No Graphite No Graphite No Graphite No Graphite 
M3 2200F /Water—1650F/Water 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
M4 2200F /Air—1650F/Air None No Graphite No Graphite Some Nodules In | No Graphite 

} Some Cold 
Worked Surface 
Zones 
M5 2200F /Air—1650F/ Air 1 hr 1200F No Graphite No Graphite Some Nodules In No Graphite 
Some Cold 
Worked Surface 
$ y Zones 
M6 2200F /Air—1650F/Air 20 hr 1300F No Graphite No Graphite No Graphite No Graphite 
7 2200F/Fce*—1650F /Fce* None A Few Isolated Some Widely Some Nodules In Some Scatt. 
Nodules Scattered Cold Worked Small To Med. 
Medium Nod. Surface Zones Nodules 
Only 
MB 2200F /Fce*—1650F /Fee” 1 hr 1200F A few Widely Some Scat. Some Large Nod No Graphite 
4 Scott. Nodules Medium Nod. In Surface 
Zones Only 
Mg 2200F /Fce*—1650F/Fce* 20 hr 1300F No Grophite No Graphite No Graphite No Graphite 


* Cooled. 50° 


per hour 
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Txst Resuyts 
Evaluation of the test results led to the following conclusions: 


1 Carbon-molybdenum steels deoxidized with the same 
nominal amount of aluminum, possessing practically identical 
chemistry and displaying practically identical abnormal Mc- 
Quaid-Ehn case characteristics may show differences in suscepti- 
bility to or rate of graphitization. 

2 Annealing at very high temperatures followed by rapid 
cooling seems to inhibit or retard graphitization at the contem- 
plated temperatures. This was found to be true also for speci- 
mens which had been 50 per cent cold-reduced by compression 
prior to the subcritical annealing at 1000 F. 

3 Annealing at temperatures above, but near the A; point of 
the steel followed by rapid cooling appears to be much less ef- 
fective in retarding graphitization than rapid cooling from very 
high temperatures. When severely cold-deformed, such mate- 
rial may form graphite within 1500 to 3000 hours at 1000 F. 

4 Annealing at very high temperatures followed by slow 
cooling seems to promote or accelerate graphitization. In this 
condition relatively large scattered graphite nodules are formed 
within 1500 hours at 1000 F. 

5 Annealing at temperatures above, but near the A; point 
followed by slow cooling renders the steel less susceptible to grapb- 
itization than slow cooling from very high temperatures, but more 
susceptible than air cooling from temperatures above but near 
the A; point. 

6 Reheating steel which had been rapidly cooled from very 
high temperatures and thereby made insensitive to graphitiza- 
tion, to temperatures just above the A; point renders it again 
susceptible, irrespective of the subsequent rate of cooling. 

7 Heating to just above the A; point (1400 F) followed by 
water-quenching renders the steel more susceptible to graphiti- 
zation than slow furnace-cooling from the same temperature 
On the other hand, slow-cooling from just above the A; point 
favors graphitization more than air-cooling. In this connection 
it should be remembered that quenching from very high tem- 
peratures inhibited the formation of graphite more effectively 
than any other heat-treatment. The high susceptibility to 


graphitization resulting from quenching from just above the A, 
point therefore deserves particular attention. 

8 Steel which previously had been heated to very high tem- 
peratures appears to be rendered slightly more susceptible to 


Fic. 1 Sprcimpen B4 Arrer 3000 Hr ar 1000 F; 500 


(Steel A, 1 hr 2200 F/Air plus 1 hr 1400 F/Fce (1 deg per hr) plus 50 per cent 
cold reduction.) 
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graphitization when subsequently reheated to just above the A, 
point than steel which previously had been heated to tempera- 
tures above but in the vicinity of the A; point. 

9 Material which had been slow furnace-cooled from tem- 
peratures above the A; point appears to be slightly more sus- 
ceptible to graphitization when subsequently reheated to tem- 
peratures just above the A; point than previously fast-cooled 
material. Steel slowly cooled from very high temperatures, re- 
heated to above the A; point and then severely strained, shows a 
tendency to form continuous grain-boundary chain graphite. 

10 Quenching from temperatures just above the A; point 
seems to favor graphitization more than quenching from tempera- 
tures just below the A, point. 

11 Annealing at 1200 F as used in conventional stress-relieving 
appears to have little effect upon the formation of graphite unless 
accompanied by a reduction or elimination of stresses. Under 
like conditions, annealing at 1300 F for the same length of time 
seems to reduce the number of graphite nodules, but does 
not seem to prevent their formation. 

12 Long-time annealing at 1300 F considerably retards the 
formation of graphite and also tends to reduce the number of 
nodules formed. 


Fig. 2 i FER E2 Arrer 3000 Hr at 1000 00 F; Xx 500 
(Steel A, 1 hr 1650 F/Air Pius 50 per cent cold reduction.) 


Fig. 3 Specimen Cl Arrpr 3000 Hr ar 1000 F; 500 
(Steel A, 1 hr 2200 F/Fce (50 deg per hr).) 
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Fic. 4 Specimen C4 Arrer 3000 Hr ar 1000 F; 500 
(Steel A, 1 hr 2200 F/Fce (50 deg per hr) plus 1 hr 1400 F /Fce (1 deg per hr) plus 50 per cent cold reduction.) 
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Fic. 5 Specimen F4 Arrer 3000 Hr ar 1000 F; 500 


(Steel A, 1 hr 1650 F/Fce (50 deg per hr) plus 1 hr 1400 F/Fce (1 deg per hr) 


plus 50 per cent cold reduction.) 


GENERAL DEDUCTIONS 

The pattern of susceptibility to graphitization obtained with 
the various heat-treatments preceding the isothermal graphitiza- 
tion tests at 1000 F clearly indicates the involvement of a sub- 
microscopic precipitation phenomenon as suggested by Austin 
and Fetzer.2. There seems to be a substance, elements or com- 
pounds, which upon precipitation in a certain state promote car- 
bide instability. The solution temperature of this substance 
seems to be rather high and its precipitation from solution rela- 
tively sluggish. Air-cooling from temperatures above 2000 F 
appears to suffice to retain these elements or compounds in solu- 
tion even in the extremely sensitive high-aluminum-deoxidized 
steels and in this condition the steel will not graphitize within 
10,000 hr at 1000 F, as demonstrated by the behavior of the spot- 
weld-fused samples. Heating the steel to intermediate tempera- 
tures above but in the vicinity of the A; point apparently does not 

2 “Factors Controlling Graphitization of Carbon Steels at Sub- 
critical Temperatures,” by C. R. Austin and M.C. Fetzer. Trans. 
A.S.M., vol. 39, 1945, pp. 485-535. 
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Fre. 6 Specimen F8 Arrer 3000 Hr ar 1000 F; 500 


(Steel A, 1 hr 1650 F/Fce (50 deg per hr) plus 1 hr 1400 F/water plus 25 per 
cent cold reduction.) 


create complete solution, and diffusion of the submicroscopic 
phase and abnormal steel air-cooled from such temperatures will 
therefore graphitize under favorable conditions, as for instance, 
when severely cold deformed. Slow cooling from very high 
and from intermediate temperatures precipitates the phase and 
renders the steel susceptible to graphitization. Complete solution 
and diffusion of the phase as obtained at very high temperatures 
seems to result in a more effective state of precipitation than in- 
complete solution and diffusion as obtained at intermediate tem- 
peratures. 

If steel which had been rapidly cooled from high temperatures 
is subsequently reheated to temperatures just above the A, point, 
the dissolved phase will at least partly precipitate and render the 
steel again susceptible to graphitization. It is suspected that 
the allotropic transformation at the A, point, particularly when 
combined with straining, aids the precipitation of the submicro- 
scopic phase. The preferential occurrence of graphite in the low- 
temperature zone of weld-affected metal may be similarly ex- 
plained. . Short-time annealing at 1200 F and 1300 F apparently 
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fails to bring about effective precipitation of the phase. On the 
other hand, once the phase is precipitated, annealing at 1200 F 
and 1300 F tends to render the phase ineffective, presumably by 
coalescence or agglomeration. At 1200 F, this effect seems to be 
very slight and even at 1300 F a relatively long annealing time 
is required to produce results of practical significance. 


PracticaL CoNcLUSIONS 


Applying the foregoing deductions to the practical aspect of 
graphitization in welded structures, the following conclusions 
suggest themselves: 


1 Normalized material is slightly less susceptible to graphi- 
tization than annealed material. 


TRANSACTIONS OF THE A.S.M.E. 


AUGUST, 1946 


2 Normalizing at temperatures close to the A; point offers a 
better safeguard against the formation of dangerous chain graph- 
ite than normalizing at very high temperatures. 

3 Welding conditions should be chosen so as to minimize 
strain in the weld-affected metal by suitable preheating. 

4 Long-time stress relieving at 1300 F is more advantageous 
as a safeguard against graphitization than conventional stress-re- 
lieving at 1200 F. 
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General Discussion of Graphitization Papers 


S. H. Wuaver.! The General Electric graphite furnace heats 
bars with a lengthwise weld bead to 900 F at one end and 1300 F 
at the other end. All bars were notched at the 1100 F location 
for examination after 3000 hr. The 6200-hr study has been par- 
tially completed. ; 

Fig. 1 of this note, for items 1 to 7, Table 1, gives the graphitic 
growth by chemical analysis in 3000 hr for different temperatures 
upon 0.15 per cent carbon steel with different deoxidization. The 
1200 to 1300 F points were omitted because of decarburization of 
the steel. The furnace was then changed to dry nitrogen 
atmosphere. 


O15 % ToTaL 


GRAPHITE, PER CenT. 


100 
TEMPERATURE F. 


Fic. 1 Growrs or Grapuite At 3000 Hr 1n 0.15 Per Cent 
CarBON STEEL 


In the alloy series in Table 2 of this note, items 8 to 16 have no 
microscopic graphite after 6200 hr at 1100 F. 

Table 3 lists nine conditions of pipe to A158-36P1 with 2 lb per 
ton of aluminum where at 1100 F in 3000 and 6200 hr all con- 
tained small nodular graphite except the 2300 F upset-end sam- 


ple. 

The four items of pipe in Table 4 to A206-42T with 1 lb per ton 
of aluminum, and the four items in Table 5, with 0.4 lb per ton of 
aluminum have shown no graphite at 1100 F. No examination 
has been made at other temperatures. 

There are 19 other bars in the furnace including samples of 1 per 
cent Mo; 1 per cent Mo, 0.2 per cent V; 0.5 per cent Cr, 0.5 


1 Turbine-Generator Engineering Division (retired), General 
Electric Company, Schenectady, N. NG; 


per cent Mo, in each case with varying practices as regards heat- 
treatment and deoxidization practice. No graphite has been 
observed after the first 1700 hr. A longer soak will be required 
before any conclusion can be drawn from these latter test bars. 


INDUCTION FURNACE HEATS, DIFFERENT 
DEOXIDIZATION 


1700 F—2 hr air cool 
1200 F—2 hr furnace cool 


TABLE 1 


Heat Treatment: 


Item Cc Al Si Mn 
1 0.15 0.025 50 
2 0.15 0.050 m5 
3 0.15 0.075 B0 
4 0.15 chp 0.20 
5 0.15 0.40 Ne 
6 0.15 0.60 Ae 
7 0.15 0.30 0.30 
Nore: Graphite nodules in 3000 hr. See Fig. 8 for graphite chemical 


analysis with temperature. 


TABLE 2 INDUCTION FURNACE HEATS, EFFECT OF ALLOYS 


1700 F—2 hr air cool 


Heat Treatment: 
1200 F—2 hr furnace cool 


Item Cc Si Mn Mo Cr 
8 0.15 0.30 0.70 Bs ae 
9 0.15 0.30 1,30 ap ae 
10 0.15 0.30 0.30 0.50 80 
1l 0.15 0.30 0.70 0.50 oo 
12 0.15 0.30 0.90 0.50 vie 
13 0.15 0.30 ni 0.50 0. 
14 0.15 0.30 0.50 0.70 
15 0.15 0.30 0.50 0.90 
16 0.15 0.30 we 0.50 VP 

Nore: No graphite in 6200 hr at 1100 F but fully spheroidized. 


TABLE 3 PIPE SPECIFICATION A.S.T.M., A158-36P1 


(2 lb al per ton) 
“As received;’’ 1200 F- 2 hr, furnace cool 
“As received;’”’ 1300 F- 2 hr, furnace cool 
Upset, 2300 F- 1 hr, furnace cool 
1600 F- 2 hr, water quench, 1200 F- 1 hr, furnace cool 
1700 F- 2 hr, air cool, 1200 F- 2 hr, furnace cool 
1700 F- 2 hr, air cool, 1100 F- 2 hr, furnace cool 
1700 F- 2 hr, air cool, 1000 F- 2 hr, furnace cool 
1700 F- 2 hr, air cool, no draw 
575 F weld cycle, 1200 F- 2 hr, furnace cool 


OCMBNAARWNH 


Nore: Except upset item all had small nodules of graphite at 3000 and 
6200 hr at 1100 F. 


TABLE 4 PIPE SPECIFICATION A.S.T.M., A206-42T 


(1 lb al per ton) 
“Ag received;”’ 1200 F- 2 hr, furnace cool 
“Ag received;” 1300 F- 6 hr, furnace cool 
Upset, 2300 F- 1 hr, air cool 
575 F weld cycle, 1200 F draw 


Pwr 


Nore: No graphite at 1100 F in 3000 or 6200 hr, 


TABLE 5 PIPE SPECIFICATION A.8.T.M., A206-42T 


(0.4 lb al per ton) 
“Ag received;’’ 1200 F- 2 hr, furnace cool 
“Ag received;”’ 1300 F- 6 hr, furnace cool 
Upset, 2300 F- 1 hr, air cool 
575 F weld cycle, 1200 F draw 


mode 


Note: No graphite at 1100 F in 3000 or 6200 hr. 
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Some Stress-Corrosion Studies on 


Austenitic Cast Irons 


By J. B. URBAN,! J. W. BOLTON,' anv A. J. SMITH? 


Experimentation is the most adequate approach to 
stress-corrosion problems and should involve various 
mechanical loadings of a material under corrosive condi- 
tions. When corrosive conditions are held constant in 
respect to concentration and temperature, useful thres- 
hold stresses if existent can be ascertained and suitable 
safety factors adopted. The procedure for studying 
austenitic cast irons on this basis is discussed, the in- 
vestigation indicating that at very high stresses, such 
irons are subject to stress corrosion in strong hot caustic. 
However, threshold stresses have been found to be rela- 
tively high, markedly exceeding stresses contemplated in 
design and application. Thus the desirable properties of 
such material can be utilized to good advantage, with mar- 
gin to assure adequate safety in this corrosive medium. 


ROBLEMS of stress corrosion have concerned engineers 
Pi: many years. ‘Season-cracking” in brasses and em- 

brittlement of ductile boiler-plate steel in presence of alka- 
line media are familiar examples. A material may possess ap- 
parently adequate strength and adequate corrosion resistance, 
as ascertained by separate conventional tests. Yet some mate- 
rials are known to fail prematurely when exposed to certain 
combinations of these factors. 


TABLE 1 
Austenitic Austenitic 
cast irom A, cast iron B, 
per cent per cent 
GOIDONG fic syria, 25 one 2.44 2.10 
Graphite ccc vsccleess. 1.98 2.01 
SHHICON coc ccc creole ves 1.84 etd 
Manganese..........-.. 0.90 0.74 
Phosphorus........++-+ 0.050 0.049 
Bulphuitiicniisinsic'e cetecs tse 0.020 0.015 
Ce) I) Pi 19.82 20.61 
Chromium... 1.60 None 
Molybdenum. ve One 0.90 
Oppel secs coves agers 4.10 0.06 


It is known that triaxiality of stresses may bring about accel- 
eration of failure, or failure at lower loading than would be ex- 
pected from conventional formulas for mono- and biaxial loading. 
Somewhat similarly, ‘corrosive stress” may be considered as an 
additional stress imposed upon a normally loaded system, giving 
the effect of higher stress order than contemplated by formulas. 
The safest approach to stress-corrosion problems is experimenta- 
tion on various mechanical loadings under corrosive conditions. 
When corrosive conditions are held constant in respect to concen- 
tration and temperature, useful threshold stresses if existent can 
be ascertained and suitable safety factors adopted. 

Since stress corrosion is initiated as a surface effect, it is essen- 
tial that surface stress intensities (as imposed by loading) be 
determined accurately, so that the result of imposition of a cor- 
rosive condition can be evaluated. The resistance-wire (SR-4) 
type strain gage has proved quite useful in this respect. 


1 Metallurgical Department, The Lunkenheimer Company, Cin- 
cinnati, Ohio. 

Contributed by the Metals Engineering Division and presented at 
the Fall Meeting, Cincinnati, Ohio, October 2-3, 1945, of Tar AMPRI- 
CAN Society OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society.” 


Strong hot caustic (sodium hydroxide) is a powerful corrosive 
toward many metals, and produces embrittlement insome. Suita- 
ble grades of gray cast iron have fairly good resistance toward 
the corrosive effect and also are relatively free from stress-cor- 
rosion deterioration. Some of the high-nickel austenitic cast 
irons have excellent corrosion resistance toward strong caustics, 
even at elevated temperatures. This suggests their considera- 
tion? where contamination of caustic must be held to a minimum 
and where maximum life under such corrosive conditions is de- 
sired. 

The present investigation indicates that at very high stresses 
the austenitic cast irons are subject to stress corrosion in strong 
hot caustic. However, threshold stresses have been found to be 
relatively high, markedly exceeding stresses contemplated in de- 
sign and application. Thus the desirable properties of such ma- 
terial can be utilized to good advantage, with margin to assure 
adequate safety in this corrosive medium. 


EXPERIMENTAL PROCEDURES 


Compositions of the materials examined are given in Table 1. 
Samples of austenitic-type cast iron were immersed in 50 per cent 
caustic solutions and boiled, using reflux condenser, for periods up 
to 6 months. These were broken in impact test. The test re- 
sults were equal to those of companion samples not exposed to 


COMPOSITION OF MATERIALS 


Austenitic Austenitio No. 25 
cast iron C, cast iron D, cast iron, 
per cent per cent per cent 
2.66 2.75 3.25 
1.88 1.97 2.75 
0.92 0.98 0.58 
0.14 0.13 0.33 
0.028 0.025 0.055 
19.86 19.09 kc 
1.65 1.75 
0.63 0.62 
4.55 4.33 
caustic. This showed that caustic embrittlement does not re- 


sult when stress is absent. 

Other samples were loaded under standard creep-test condi- 
tions. These tests showed that the materials involved with- 
stand stresses to 15,000 psi at 350 F, without measurable flow 
or “creep.” After removal from the creep test and breaking, no 
differences in strength and ductility from companion unstressed 
samples were observed. These and other tests indicate that even 
at relatively high stresses the material is not adversely affected 
by mechanical loadings, even at temperatures appreciably above 
350 F. The question then is whether the combined actions of 
stress and exposure to the corrosive medium produce effects not 
indicated by these factors operating independently. 

The corrosive medium and condition chosen was 50 per cent 
by weight commercial sodium hydroxide (aqueous solution) at 
280 F. 

Three methods of stress application utilized were as follows: 


2 Austenitic cast irons also are resistant to many other corrosive 
agents, both alkaline and acid, wherein long experience has shown that 
stress corrosion is not a factor. 

3 “Recommended Practice for Conducting Long-Time High-Tem- 
perature Tension Tests of Metallic Materials,” A.S.T.M. Standards, 
1941, £22-41. 
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(a) tensile loading, (6) cantilever loading, and (c) beam loading. 

All specimens were cast in green sand and tested in the un- 
machined condition. (This simulates the surface conditions of 
cast product as commonly used.) 


TensILE Loapinc Mretrnop 


The arrangement of equipment is shown in Fig. 1. The test 
specimen was mounted between high-nickel-alloy pulling bars 
supported at the top with a ball-and-socket joint and a dead load 
applied to the bottom. The bottom bar passed through the base 


TEST 
SPECIMEN 


Fie. 1 Srress-Corrosion Test Serup ror Trnsiup Loapine 


of a high-nickel-alloy container with a watertight seal, the con- 
tainer being filled with solution of commercial sodium hydroxide. 
A heating element around the container maintained the desired 
temperature of 280 F, through a potentiometer controller and 
thermocouple. (This temperature is very near the boiling point.) 
Water lost through evaporation was replaced continuously 
through a simple gravity-feed mechanism holding the solution 
concentration relatively constant. The average stress intensity 
over the affected area was established by the sum of the weights of 
container and contents, lower pulling bar, and applied weights. 


SrmpLe- AND CANTILEVER-BEAM Loapina Mrrsops 
e 


These systems are shown in Figs. 2 and 3. The ends of the 
test specimens were attached to the load through a wire passing 
over a ball-bearing-mounted pulley of low frictional resistance. 
By means of this arrangement stresses on the specimens were 
independant of flexural changes in the supports, within reason- 
able limits of flexure of specimens. 

Tests were carried out both on round specimens 0.5 in. diam, 
and specimens of rectangular cross section measuring 1 X 0.4 
in. Specimens were 81/2 in. in length in the cantilever test; in 
the simple-beam tests the outer knife-edges were 9!/2 in. apart, the 
center knife-edge 3!/: in. from the lower fixed edge. 

In conventional engineering practice stress intensities (as rup- 
ture moduli) usually are calculated by the beam formulas. These 
formulas are based upon the assumptions of elasticity and 
equivalent stress-strain moduli in both tension and compression. 
Cast irons do not comply with these assumptions. As shown by 
the authors’ company‘ and others, the stress-strain curve of cast 


4 “Some Notes on Mechanism of Deformations in Grey Iron,’’ by 
J. W. Bolton, Proceedingsof the A.S.T.M., vol. 32, part 2, 1932, p. 477. 
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CANTILEVER BEAM TYPE LOADING 


SIMPLE BEAM TYPE LOADING 


Fic. 2 Srress-Corrosion Trsr Serup ror BEAM-TypPp LOADING 


IRON A- TENSILE LOADIN 
_: 20,000 é IRON B-TENSILE LOADIN 
y 
me 
19) 
cc 10,000 
(= 
Yn 
ie) 


o4 10 4 10 40 100 400 1000 4000 
FRACTURE TIME - HOURS 


Fic. 3 Srress-Corrosion Rate ror Austenitic Cast Irons; 
TrnsILE LoapING 


TABLE 2 SUMMARY OF TENSILE TESTS 
- Time for fracture, hp>—————_. 


Tensile stress, Austenitic Austenitic No. 25 
psi cast iron A east iron B cast iron 

25000 Nek 2842 
22000 tO 1.25 one 
20000 0.7 and 7.7 5.2 
18000 sot 2.5 and 6 
16000 eet 15 
15000 3.1 3502 
12000 11 and 43 S00 
11000 2702 tae rie * 
10000 26007 2600° 26002 


?@ Not broken. 


irons combines both elastic and plastic components. Also, 
properties are not equivalent in tension and compression. Thus 
the neutral stress axis does not coincide with the geometric axis. 

Since stress-corrosion phenomena are (at least at their inci- 
dence) influenced by surface conditions, accurate measurement of 
fiber stress is necessary for evaluation. Strain-resistance (SR-4) 
gages are quite useful for this purpose. SR-4 gages and instrumen- 
tation have been described in detail in recent literature. Many 
applications have been to elastic materials. In such applications 
the measured strain is interpreted in terms of stress by introduc- 
tion of Young’s modulus. 

Since the materials studied are but quasi-elastic, a modified 
procedure was required. Relationship of strain to stress not being 
constant, strain readings must be compared to a separately de- 
termined stress-strain curve to ascertain the corresponding stress _ 
intensities. The details of procedure and the various calibrations 
are described in the Appendix. The SR-4 strain-measurements’ 
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aecuracy compared very favorably with measurements by other TABLE 3 RESULTS OF BEAM-LOADING SPECIMENS 


_ extensometric devices and results were readily reproducible. The a Fracture time, hr Sara 
es ‘ 4 ’ ; Calculated Austenitic Austenitic 
facility with which these gages can be applied to locations and i airs fom Stabe from ones cast iron C, cast iron D, 
shapes where strains are not measurable by other devices extends a palte. Ys he ey Freie hoor alae = eet 
, the field of testing engineering. SR-4 gages can be used not only 49200 26300 ae . 0.1 
; : 46800 26000 0.5 a 
on simple test shapes but also on products and other complicated 41400 24200 1.8 pte: 
: : F 39600 23700 anys 0.7 
shapes subjected to stress and strain. 31100 20800 eo8 12 
25800 18400 12.4 ah. 
Trst RESULTS 24900 18000 Fon 5.0 
23200 17000 8.1 Ne 
Tensile Tests. These are summarized in Table 2 and are shown Bonbe ee pe 036 Gols 
graphically in Fig. 3. The gray cast iron sustained a tensile load 20400 15400 sige fs 15.5 
of 25,000 psi for 284 hr and 10,000 psi for 2600 hr without breaking. 18200 13900 ; = ‘152 
The solution discolored and the bars showed evidence of surface 16370 2600 a 468 
corrosion but there was no evidence of corrosion being acceler- @ Not broken. 


ated by the stress, or suggestion that embrittlement was effected. 

Austenitic iron failed in a comparatively short time under a 
load of 20,000 psi, 0.7 hr on one bar, 7.7 hr on another, both from 
the same heat. Decrease of stress to 12,000 psi increased the time 
to fracture by almost 3 times. At a stress of 10,000 psi load was 
sustained for 2600 hr without fracture. The curves indicate that 
there is a limiting stress below which failure will not occur in 
caustic solutions. (This is confirmed by long-time service ex- 
perience with the condition and material.) Above the limiting 
stress very slight increases in stress profoundly shorten the time 
to failure. This indicates the desirability of suitable choice of 
design stress, and measurements under operational conditions to 
reveal it. 

The tensile strength of iron A, cast as a 0.5-in-diam specimen 
was 38,500 psi. The specimen removed unbroken after 270 hr 
in hot caustic under a stress of 11,000 psi was subsequently 
broken at room temperature and showed a tensile strength of 
37,900 psi. A piece of the test specimen which failed after 43 hr (0) - 

2 ee : o4 =i10 4 10 40 100 
at 12,000 psi was broken at room temperature, giving a tensile FRACTURE TIME-HOURS 
strength of 38,600 psi. Tt would appear that the causticiseffective  ., 4 Sraess-Corrosion Rars ror Ausrenric Cast Irons; 
only in lowering the time to fracture under stress when mate- TRANSVERSE LOADING 
rial is under the corrosive and temperature influence. 

Beam Loadings. Results obtained from beam loadings of 

: specimens are recorded in Table 3, and plotted in Fig. 4. The 
___. upper curves show the tensile fiber stress as calculated from the 
} beam formula, the lower from conversion of actual strain meas- 
i urements according to the method described in the Appendix. 
3 


x IRON C-SIMPLE BEAM LOADING 
¢ IRON C-CANTILEVER BEAM LOADING 
© IRON D-CANTILEVER BEAM LOADING} 


| — STRESS DETERMINED BY 

BEAM FORMULA G 

--- STRESS DETERMINED FROM 
STRESS-STRAIN DATA 


STRESS-P.S1I. 


30,000 


The marked error occasioned by use of the beam formula is evi- 
dent. 


i These results are in good agreement with those found for ten- he LAME 
; sile loading, the limiting or threshold stress being about 10,000 8 
4 psi. dD 
; ConcLUSION te 
i od 
7) 


These studies show that for the corrosive and temperature con- 
sidered there is a limiting stress below which the effects of stress 10,000 
corrosion on austenitic irons are either negligible or nonexistent. 
This stress is relatively high in respect to contemplated stresses 
for cast-iron products. Thus the good corrosion resistance of 
these metals in hot caustic can be advantageously utilized as 
sound engineering practice. This confirms field experience. 

As shown by these studies (and described in the Appendix), the 
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SR-4 resistance-strain-gage method is a valuable tool for the metal- 
lurgist and test engineer in their evaluation of quasi-elastic mate- 
rials. 


Appendix 


The foregoing paper indicates the necessity of correct stress 
evaluation in studies of stress-corrosion effect. 

Stresses due to tensile loading are determined readily and di- 
rectly. Those due to various transverse loadings are not so 
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Fic. 5 Comparison Or STRAIN GAGES 


(Gages mounted on steel tensile-test specimen, Readings were taken 


simultaneously on all gages.) 


easily determined. This is especially so in case of quasi-elastic 
materials, such as cast irons, where the premises of beam formulas 
do not apply, and strain measurements by conventional ex- 
tensometric devices are not readily made. 

SR-4 resistance-type strain gages were used to determine the 


STRESS- PSI. 


Fre. 6 Tensite Stress-STrain Curve ror Austenitic Cast IRon 


strain readings for the transverse loading of the stress-corrosion 
tests. To check the accuracy and sensitivity of the SR-4 strain 
gages a steel tensile-test specimen was made long enough to ac- 
commodate an Olsen extensometer (2 in. gage length), a 1%/,¢-in. 
SR-4 strain gage, and a '/;-in. SR-4 strain gage. Simultaneous 
readings of strains and applied load were taken. The results 
given in Fig. 5 show good agreement, especially when it is borne 
in mind that different gage lengths are involved. 

A typical tensile stress-strain curve for austenitic cast iron 
is shown in Fig. 6. Four SR-4 strain gages were mounted on a 
specimen as shown in Fig. 7, and the specimen was subjected to 
simple loading in the setup shown in Fig. 2. The applied loads 
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were converted to stress as indicated by the beam formula and 
plotted against the corresponding strain as shown in Fig. 7. 
The apparent moduli by beam-formula fiber stress versus strain 
are considerably higher than those obtained from tensile stress- 
strain data especially at higher stresses. This emphasizes the 
fact that stresses determined from beam formulas deviate con- 
siderably from the true stresses. The stress-strain data shown 
in Fig. 7 were obtained on as-cast specimens not subjected to 
previous stressing. Cast irons are quasi-elastic materials. There- 
fore stressing will result in plastic deformation and alter the 
stress-strain characteristics of the material. When strain deter- 
minations on a quasi-elastic materia] are converted to stress, it is 
imperative that the stress-strain data used in the conversion be 
obtained on material of similar prior stress history. 
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Modern Methods in the Heat- 
Treatment of Steel 


By E. R. MERTZ,! BURBANK, CALIF, 


The construction of time-tempera- 
ture-transformation curves (S-curves) 
and their use in developing the inter- 
rupted-quench processes for steels are 
treated in this paper. Of these proc- 
esses, martempering, austempering, 
and cyclic annealing are explained in 
detail. Martempering results in greatly 
reduced stresses in quenched parts, as 
compared to the conventional quench 
and temper method of hardening steel, 
and hence much less cracking and dis- 
tortionis apparent. Austempering, an 
isothermal process producing bainite, 
develops surprisingly high impact prop- 
erties in the region of 250,000 psi or 50 
Rockwell C. Cyclic annealing is an 
elevated-temperature isothermal an- 
nealing process to produce a prede- 
termined degree of softness, and saves 
much valuable time in the annealing 
of the higher alloy steels. The use of 
hardenability curves in establishing 
size limitations for particular heats of 
steel] and in selecting accurate tempering temperatures is 
demonstrated. 


AUSTENITE, PER CENT 


INTRODUCTION 


OST of the processes involved in the heat-treatment of 
M steel depend upon the decomposition of austenite into 

one or more of its transformation products, and the 
physical properties produced depend upon the nature of the prod- 
uct or products formed. Austenite is a solid solution of carbon 
in iron which is stable (for most steels) only at elevated tempera- 
tures, and when it is cooled below a certain critical temperature 
the normal solubility of carbon in iron is reduced to a negligible 
amount. As a result, a reaction occurs which involves a change 
in the crystallographic structure of the iron, and in most cases 
the formation of iron carbide and/or other carbides. Bain and 
Davenport (1)? demonstrated that the product formed from the 
decomposition of austenite was dependent upon the temperature 
at which the reaction occurred rather than the speed at which the 
austenite was cooled. 


AUSTENITE Decomposition; S-CurRvES 


Fig. 1 illustrates how closely the isothermal transformation of 
austenite follows a first-order chemical reaction in which the rate 
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Fie. 1 Reaction Rate or Austenire Comearep ro THEORETICAL First-OrpDrR 
Reaction CurRvE 


of reaction at any instant is proportional to the amount of react- 
ing material remaining. However, there are several notable 
deviations from a true first-order reaction. Such a reaction be- 
gins immediately at a maximum rate and continues at a con- 
stantly diminishing rate. Theoretically, it never reaches com- 
pletion. 

Austenite apparently goes through an incubation period 
before decomposition starts, does not reach its maximum rate 
until the reaction has progressed an appreciable amount, and does 
reach completion in a finite time. 

Bain and Davenport (1) studied isothermal transformation 
rates of austenite at various subcritical temperatures and plotted 
curves of temperature versus time for beginning and end of trans- 
formation. ‘The result was the now familiar “S-curve.” 

Fig. 2 illustrates (2) how these curves were constructed. The 
progress of transformation at a chosen temperature was followed 
by quenching numerous thin samples from an austenitizing tem- 
perature into a molten metal bath maintained at the chosen 
temperature. Periodically, specimens were drastically quenched 
from the constant-temperature bath so that any untransformed 
austenite would be converted to martensite, the product formed 
from austenite at low temperatures. Microscopic exami- 
nation of such specimens properly etched revealed the dark- 
etching pearlite or bainite in contrast to the lighter-etching 
martensite. 

Thus accurate data on the beginning and virtual end of trans- 
formation of austenite to pearlite or bainite were established, but 
the data on austenite to martensite transformation remained in 
doubt. Inasmuch as the formation of martensite apparently in- 
volves only a space-lattice change, it does not require time for 
diffusion. Hence many metallurgists were of the opinion that 
time was not a function of the process, and temperature was the 
controlling factor. | 
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MartTEnsITR FormMATION; Mg, AND M¢ Pornts 


In a recent investigation Greninger and Troiano (3) were able 
to follow the progress of austenite to martensite formation by 
tempering for a short time at a higher temperature the specimens 
quenched into a low-temperature isothermal bath. The temper- 
ing treatment caused any martensite formed to etch darker than 
freshly quenched martensite, and microscopic examination re- 
vealed it in sharp contrast to that formed by quenching after the 
tempering treatment. The lighter-etching martensite formed 
by quenching after tempering, represented the untransformed 
austenite from the original isothermal quench. The re- 
sults of this investigation established that martensite forma- 
tion was essentially dependent upon temperature alone. At a 
given temperature a certain percentage of martensite was formed 
almost instantaneously and no more was formed unless the tem- 
perature was lowered. A constant-temperature product began 
to appear after a considerable time lag, which amounted to days 
or weeks at room temperature. This latter product was no doubt 
a result of diffusion, and was bainitic in structure. 

Fig. 3 represents a modified S-curve, or time-temperature- 
transformation (TTT) curve constructed by Cohen (3), in which 
the ‘‘timeless’”’ nature of martensite formation is incorporated. 
The dotted line represents the beginning of formation of the 
isothermal product, which Cohen includes with bainite. 

The temperature indicating the beginning of formation of mar- 
tensite has been designated M., and that representing the end, 
Mi. ...Fig. 4 is a curve constructed by Greninger (4) showing that 
the M, point decreases linearly with increasing carbon content. 
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Alloys have a similar effect on both the M, and M; point, as indi- 
cated in Fig. 5 by Payson and Savage (5). They have submitted 
the following formula for calculating the Ms point, provided, of 
course, that the austenitizing temperature used is one at which 
all carbides will be completely in solution in the austenite. 


M, in deg F = 930 — 570 C — 60 Mn — 50 Cr — 30 Ni 
— 20 Si— 20 Mo— 20 W 


In many steels of high-carbon and high-alloy content the M: 
point is well below room temperature, and considerable amounts 
of austenite are retained by conventional heat-treating proce- 
dures. The distortion of accurate gages after long storage may be 
explained by the eventual transformation of such retained austen- 
ite to the isothermal product formed at the storage temperature. 
Subzero treatment of such steels often transforms much of the 
retained austenite to martensite, giving a more uniform product, 
and in many cases a much harder one. 


INTERRUPTED-QUENCH PROCESSES 


Complete hardening of a steel part requires the formation of 
essentially 100 per cent martensite, necessitating a cooling rate 
at the center fast enough to miss the ‘‘nose” of the S-curve where 
much softer products are formed. Fig. 6 illustrates (6) the con- 
ventional quenching process. With rapid quenching the tem- 
perature gradient is sufficient to allow the surface of the steel to 
be almost wholly martensitic while the center is still wholly aus- 
tenitic. ‘Thus when the center does transform, the expansion due 
to the austenite-martensite transformation produces tensile 
stresses in the rigid outer layer of martensite which are often suf- 
ficient to produce cracking or at least severe distortion. Such 
conditions may be minimized by quenching into an isothermal 
bath above the M, point and holding at temperature long enough 
to equalize the temperature throughout the cross section. Air- 
cooling from this temperature will produce complete hardening, 
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and the thermal gradient will be small enough to allow martensite 
formation to take place more uniformly from surface to center, 
minimizing residual stresses. This process is called ‘‘martemper- 
ing,” and is illustrated in Fig. 7 (6). The quenching is followed 
by the usual tempering treatment to produce desired properties. 
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Fic. 9 Comparison OF IMPACT STRENGTHS AT VARIOUS HARDNESSES 
or AUSTEMPERED AND QUENCHED-AND-TEMPERED STEELS 


Fig. 8 illustrates (6) a method of heat-treatment which elimi- 
nates theneed for tempering. The process, known as “austemper- 
ing,”’ consists of quenching the steel into a bath held at a tem- 
perature where bainite is formed and allowing the austenite to 
transform isothermally to bainite. The selection of bath tem- 
perature determines the hardness of the final product. Steels 
treated in this manner show considerable improvement in im- 
pact resistance, especially in the vicinity of 50 Rockwell C hard- 
ness or 250,000 psi, as illustrated in Fig. 9 (7). This process 
has been applied successfully in the heat-treatment of certain 
springs, knives, chisels, and other parts where toughness com- 
bined with hardness is of importance. 

The annealing of steels by furnace-cooling to produce a soft, 
machinable structure is often a very slow process, especially in 
the higher-alloy grades which require very slow cooling to avoid 
some hardening. Much valuable time may be saved by the use 
of the cyclic annealing process illustrated in Fig. 10 (6). An air 
furnace operating at constant subcritical temperature may often 
be substituted for the isothermal quench with little loss of time. 
The selection of isothermal temperature is dictated by a compro- 
mise between time consumption and desired hardness. Higher 
temperatures produce softer structures, but require longer time. 


HARDENABILITY 


The severity of quench required for complete hardening of a 
steel depends upon the reaction rate of that steel at the ‘‘nose”’ 
of the S-curve. If the cooling curve crosses the nose some pearl- 
ite and bainite will be formed, and a softer structure obtained. 
Another steel with more alloy might be completely hardened by 
the same quench, indicating that its reaction rate at the nose of 
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the S-curve was slower. Fig. 11 illustrates (7) this comparison. 
The fast cool completely hardens steel M, but incompletely hard- 
ens steel C, inasmuch as it crosses the nose of the S-curve. The 

construction of an S-curve for a given heat of steel is very time- _ 
consuming, so other methods of determining the hardenability of. 
steels are used. Most popular is the end-quench hardenability 
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test devised by Walter E. Jominy. This test makes use of the 
fact that a heated steel bar, quenched only on the end by a jet 
of cold water, will have a very rapid cooling rate at the 
point of impingement of the water jet, and a continually de- 
creasing cooling rate at increasing distances from the 
quenched end, Inasmuch as such cooling rates have been es- 
tablished, a longitudinal hardness traverse of an end-quenched 
bar will determine what cooling rates are necessary to produce 
specific hardnesses in the steel from which the bar was made. 
By correlation of these cooling rates with known cooling rates in 
fully quenched bars, the hardnesses in such bars may be predicted. 
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Figs. 12 and 13 show end-quench hardenability curves for two 
steels. These are supplemented by curves for the same steels 
tempered at various temperatures. 


CorrELATION oF Harpenapitiry Data To Cross-SECTIONAL 
Harpness DaTa 


Figs. 14 and 15 are correlation charts to be used in conjunction 
with hardenability curves to convert rapidly end-quench hardness 
values to cross-sectional hardness values. These charts were 
constructed by plotting established cooling rates (8) as abscissas 
against section size as ordinates. Cooling rates are necessarily 
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on the same scale as those which appear in Figs. 12 and 13. 
Construction lines are deleted to avoid confusion. For use, the 
correlation charts are constructed on transparent paper or copied 
on photographic film. The use of the water-quench correlation 
chart is illustrated in Fig. 16. The chart is superimposed on Fig. 
13 so that the vertical index line at the left falls on the left border 
line of Fig. 18. By sliding the chart up or down (keeping the ver- 
tical lines indexed) hardness values are read at the intersection 
of the hardenability curve and the selected bar size and section- 
location curves. In Fig. 16 point A indicates that the center of 
a l-in. round of this heat of S.A.E. 1040 steel would have a hard- 
ness of approximately 38 Rockwell C when quenched in water. 
To find the anticipated hardness halfway between the surface 
and the center, the correlatioa chart is moved up until the junc- 
tion of the half-radius and 1-in. curves intersects the hardenability 
curve. Here a hardness of 48 Rockwell C is obtained. The oil- 
quench correlation chart is used in a similar manner. 

These correlation charts permit the rapid translation of harden- 
ability data to cross-sectional hardness data for various tempering 
temperatures as well as the as-quenched values by using temper- 
ing curves like those appearing in Figs. 12 and 13. They also 
permit the rapid determination of hardness depth for incom- 
pletely hardened parts and the establishment of limiting size of a 
given steel for a particular quench when a minimum acceptable 
hardness has been decided upon. : 
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Elevated-Temperature Stretch-Flanging 


of Some Aluminum Alloys 


By E. G. THOMSEN,! D. M. CUNNINGHAM,? ann J. E. DORN? 


Many aircraft parts consisting of a flat web and a concave 
flange are produced by rubber-die-forming on a hydro- 
press. The forming action consists of bending the flange 
around the die radius and stretching the outer fiber of 
the flange from its original length to that which is achieved 
when it contacts the die. Several types of failures and 
defects are encountered, the most important being a 
radially directed fracture initiated at the outer fiber 
of the flange. When this fracture occurs without necking, 
the maximum per cent stretch that may be produced 
approximates the per cent local ductility in the tension 
test. If, however, fracture is preceded by necking, 
thepermissible per cent stretch is intermediate between the 
uniform and local per cent strain in tension. Increasing 
the forming temperature permits greater per cent 
stretches for some of the more-ductile alloys. 


INTRODUCTION 


ANY aircraft parts consist of a flat web with a concave 
M flange. Such parts are usually produced by rubber-die- 
forming on a hydropress at atmospheric temperature. 
Although many aircraft materials exhibit ample deformation to 
permit successful forming of concave flanges, other materials, 
particularly those in the aged condition, have such limited de- 
formability that satisfactory flanges cannot be produced. The 
Western Aircraft War Production Council recommended that 
the War Metallurgy Committee investigate the mechanics of 
concave flanging and the possibilities of improving this operation 
by forming at elevated temperatures. This report is based on 
investigations conducted by Project NRC-548 for the Office of 
Production Research and Development of the War Production 
Board. 

The rubber-die hydropress-forming of concave flanges has been 
described in several papers.45® A blank of radius R,, as illus- 
trated in Fig. 1, is placed on a die block having a contour radius 
R, somewhat greater than R,. As the rubber contained in the 
head of the press is impressed against the die, the blank is bent 
around the die radius along the die contour line until the formed 
flange touches the die. Since the extreme fiber of the flange is 
stretched from a radius R, to the larger radius it assumes when 
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Fig. 1 Buank AND FLANGED Part OF Dis 


contact is achieved, the operation is commonly called stretch- 
flanging. 


EXPERIMENTAL PROCEDURE 


Scope of Investigation. Tests were planned to determine the 
stretch-flanging limits of a number of aluminum-alloy sheet 
materials at forming temperatures of 70 F, 300 F, 400 F, and 450 
F. The maximum temperature of 450 F was selected because of 
rapid deterioration of the rubber pad at higher temperatures and 
possible detrimental changes in physical properties of some of the 
precipitation-hardened alloys. The general survey of the effect 
of temperature on the stretch-flange formability was carried out 
on a 4in-contour-diam die with blanks having 360-deg flange 
sectors. Spot tests were made on other variables, such as other 
contour diameters, sheet thicknesses and sector lengths, in order 
to observe the major trends introduced by these variables. 

Materials. The standard aluminum sheet materials that were 
investigated included 3S-O, 528-0, 248-0, 618-0, 75S-O, 248-T, 
248-T86, 61S-T, R301-T, and 758-T covering thicknesses from 
0.020 in. to 0.081 in. 

Equipment. The hydropress consisted of a modified 200-ton 
aircraft-type press. The platen was 15 in. wide and 28 in. long 
arranged with electric-resistance heaters and automatic tempera- 
ture control. 

The normal platen pressure was 1050 psi, but pressures as high 
as 7000 psi were obtained with special platens and rubber heads. 
The mild-steel die blocks had contour diameters of 3, 4, 6, and 8 
in.; 3/i-in. bend radii were provided on all dies in order to 
eliminate bend failures. 

Specimens. The specimens were sheared from sheet stock 
with die-locating holes and blank pilot center hole jig-drilled. 
The desired blank-hole diameter was machined with a fly cutter 
to an accuracy of 0.010 in. of the nominal blank-hole diameter. 
All blank holes were polished with 2/0 Behr Manning polishing 
paper after machining, in order to provide uniformly controlled 
edge conditions. 

Baperimental Technique. The specimen blanks were preheated 
to the forming temperature for 10 min in an air furnace and 
rapidly transferred to the die block. A light layer of asbestos 
powder was screened over the blank in order to prolong the useful 
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life of the rubber pad. The press head was then moved against 
the platen to a predetermined pressure which permitted complete 
forming of the blank. A series of blanks were thus formed with 
blank-hole diameters varying in steps of 0.10 in. (flange widths 
varying in 0.05-in. steps). The critical blank diameter was 
evaluated as the minimum diameter that was successfully formed. 
Frequently in the region of the critical diameter a specimen 
would fracture, whereas a duplicate specimen would form success- 
fully. In this case the critical value of blank diameter was 
taken as the larger and more conservative value. 

In order to obtain forming temperatures in the blank approach- 
ing those of the die it was necessary to hold the blank under 
light pressure for 1 min between rubber pad and heated die before 
forming the stretch flange. All temperatures reported herein are 
those of the heated die but represent the blank temperature to 
within 10 deg F. 

Geometry of Stretch Flanges. The simplest type of stretch 
flange consists of a 360-deg sector produced on a block having a 
90-deg die angle. For this type flange the per cent stretch of the 
outer fiber of the flange is simply 


(R, a 


P tS = 
er cen Ri 


As smaller values of R, are employed the per cent stretch of the 
outer fiber of the flange increases. Finally a critical value is 
reached resulting in fracture of the flange. The maximum per- 
missible stretch is given by 


R 
Per cent Smax = : 
er cen ( 


and the corresponding true strain is 


If the sector angle is less than 360 deg, another geometrical factor 
enters the analysis. The induced circumferential tensile stresses 
causing stretching vanish at the sector edges and the per cent 
stretch that is obtained becomes less than the value calculated 
from Equation [1]. The actual stretch is therefore less than the 
theoretical stretch, and consequently flanges of greater heights 
may be produced without encountering failures. 

For small sector angles, the arc length of the flange approaches 
the corresponding chord length. Since the energy that is re- 
quired to form a straight flange is less than that required for a 
curved flange of the same contour length, flanges of small sector 
angle frequently form straight flanges along the chord. 

In order to produce a part having a flange at 90 deg to the web, 
the part must be slightly overformed so that the desired angle is 
obtained after springback. The per cent stretch for dies having 
angles that differ from 90 deg is derived in Appendix 1. 


EXPERIMENTAL RESULTS 


Types of Fracture. The forming of stretch flanges is limited by 
several forming defects and failures which are shown in Fig. 2, 
and are briefly described as follows: 

(a) Stretch Rupture. Stretch rupture, illustrated in Fig. 
2(A), is the most common type of forming failure. This type of 
fracture was encountered in most of the 360-deg flanges that were 
tested. Two types of fracture were observed. The annealed 
alloys at all temperatures and some of the precipitation- 
hardened alloys at 450 F exhibited local necking preceding 
fracture; some of the precipitation-hardened alloys fractured 
without necking at the lower temperatures. 

(6) Bulging Rupture. The second type of rupture which 
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8B, BULGING RUPTURE 
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C. BEND RADIUS CRACKS 


E. CANNING 


Fig. 2 Formine Derects 


limits the formability is shown in Fig. 2(B), and was named a bulg- 
ingrupture. This type of rupture was obtained when small blank- 
hole diameters were employed. Instead of forming a flange the 
blank bulged in a manner similar to that obtained in the absence 
of acentral hole. Fracture occurred along the die-contour radius 
before the outer fiber reached its limiting ductility. This type of 
fracture was not obtained when the hole diameter was increased 
to the critical value for stretch rupture. q 

(c) Bend Cracks. If the die bend radius is too small the 
strains of the fiber on the top surface of the blank may exceed the 
permissible strain before the outer fiber of the flange reaches its 
critical stretch value, resulting in fracture of the upper surface of 
the blank along the die bend radius. This type of fracture is 
shown in Fig. 2(C). In the present investigation the die bend 
radii were maintained sufficiently large to prevent the formation 
of bend cracks. 

(d) Incomplete Forming. In forming stretch flanges the 
blank is bent as well as stretched. . Consequently the pressure re- 
quired for forming stretch flanges is greater than that required 
for straight flanges. If the pressure is not great enough an in- 
completely formed flange results, as shown in Fig. 2(D). The 
pressures for the present investigation were maintained suffi- 
ciently large to insure contact of the outer fiber of the blank and 
the die. 

(e) Canning. Canning, as shown in Fig. 2(E), results from 
springback after forming. No attempt was made to evaluate 
completely the springback after forming, but it was observed that 
the springback for stretch flanges is slightly less than that for 
straight bends for the same conditions of forming temperature, 
sheet thickness, and bend radius. 

Maximum Per Cent Stretch. The effect of temperature on the 
maximum per cent stretch that may be achieved in a number of 
aluminum alloys is shown in Fig. 3. It is evident from these 
curves that increased stretch-flange formability is achieved at 
temperatures above 300 F for all alloysinvestigated. Each alloy, 
however, exhibits its own peculiar maximum per cent stretch-- 
temperature curve. 
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dence of necking. Many alloys that neck when 
tested in simple tension do not neck when stretch- 
flanged. : 

An estimate of the maximum per cent stretch is 


io} 

S) 100 75S-0 possible for alloys that do not neck when stretch- 
2 tS ae i is hie ee flanged. Since the outer fiber of the flange is known 
ia we S-O by grid analyses to be essentially stressed by simple 
& a circumferential tension, it is logical to assume that 


stretch rupture is initiated when the circumferential 
tension stress equals the true fracture stress in ten- 
sion. This assumption implies that the maximum 
true strain for stretch-flange forming should approxi- 
mate the true local strain in tension defined by 


where 


Ao = original cross-section area 
A; = cross-section area at fracture 


A comparison of the maximum true stretch with ten- 


MAXIMUM PERCENT STRETCH, 


sion data,’ obtained from standard A.S.T.M. speci- 
mens, shown in Fig. 5, illustrates the agreement that 


200 
TEMPERATURE, °F. 
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A few tests were made to evaluate the effect of contour radius 
on the maximum per cent stretch. Materials which necked dur- 
ing flanging yielded decreasing per cent stretch with increasing 
contour radii. 

The effect of thickness was studied for 248-O and 61S-T formed 
at atmospheric temperature on a 6-in-contour-diam die. Slightly 
greater per cent stretch was observed as the thickness was in- 
ereased from 0.020 to 0.081 in., but results were too varied to war- 
rant a more definite statement. 

The effect of the angle of sector of the blank on the maximum 
per cent stretch is given in Fig. 4 for atmospheric and 450 F 
forming temperatures. The plain open and solid circles refer to 
maximum per cent stretch limited by stretch fracture, whereas 
the crossed symbols refer to maximum per cent stretch limited by 
fracture at the edge of the segmented blanks near the die bend 
radius. For the two alloys investigated the maximum per cent 
stretch with atmospheric-temperature forming rises mod- 
erately with decreasing sector angle to a maximum at ap- 


proximately 90 deg. Blanks with sector angles of 30 deg 5 
could not be fractured at all forming temperatures. At Ay 
450 F alloy 24S-O could not be fractured with sector angles i 

of 90 deg or less. rnd 


Discussion of Results. A major objective of investiga- 
tions on the formability of metals is the development of a 
useful philosophy that will permit the prediction of forming 
limits from a few simple, easily obtainable test data. Most 
metal-forming processes, however, are SO complex that this 
objective has not been completely achieved; stretch flang- 
ing is not an exception. The results of this investigation, 
however, show that the forming limit for stretch flanges can 
be approximated in a few simple cases. 

The fracture causing 2 stretch-rupture failure during 
forming starts at the outer fiber of the flange. Although, 
in some alloys, local plastic action precedes fracture in this 
critical region, in other alloys fracture occurs without evi- 


PERCENT STRETCH, 


Rp 
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may be expected. Materials 24S8-T86 at all tempera- 
tures, R301-T and 758-T up to 300 F, and 248-T up to 
400 F exhibited stretch ruptures without evidence 
of necking. For these conditions the maximum true 
stretch approximated the true local strain in tension. 
In all other cases necking preceded fracture, and the 
maximum true stretch that could be achieved was 
intermediate between the true uniform and the true local strains in 
tension. Thus the maximum true stretch that can be achieved 
in the absence of necking approaches the true local strain at frac- 
ture in tension. 

No satisfactory analysis is available for predicting the stretch- 
flange-forming limits of materials under conditions where necking 
isobtained; themaximum true stretch issignificantly greater than 
the true uniform strain in tension. Since necking is known to be- 
gin when the resistance to the forming load passes a maximum 
value, it is logical to suspect that necking in stretch-flanging re- 
quires a complete analysis of the stress and strain distribution in 
the entire flange. Thus changes in contour diameter may affect 


7“Tensile Properties Affecting the Formability of Aluminum- 
Alloy Sheet at Elevated Temperatures,’”’ by A. F. Flanigan, L. F. 
Tedsen, and J. E. Dorn. To be published in the Journal of the Aero- 
nautical Sciences. 
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——— In(A./A) = True strain at fracture in the tensile test. 


In(ly7lo) = True maximum uniform strain in the tensile test. 


—— |n(R./R,) = Maximum stretch in stretch flanging. 
Fic. 5 Comparison oF STRETCH-FLANGING Data WitTH TENSILE 
Data 


the per cent stretch. The complex distribution of stresses in the 
flange are not yet known and therefore complete knowledge of 
stretch-forming limits will have to await the development of this 
involved analysis. 


SuMMARY AND CONCLUSIONS 


1 Forming of 360-deg-sector stretch flanges in a number of 
aluminum alloys is limited by stretch rupture, radius-bend 
cracks, or available press pressure. 

2 Materials 24S-T, 24S8-T86 and 75S-T fractured without 
evidence of necking when formed at 70 F to 300 F; for all remain- 
ing materials and temperatures investigated, fracture was pre- 
ceded by necking except R301-T at 70 F. 

38 The maximum per cent stretch obtained with 24S8-T, 24S- 
T86, and 75S-T agrees closely with the local ductility in tension 
when formed at temperatures of 70 F to 300 F; between 300 F and 
450 F some necking preceded fracture. 

4 The maximum per cent stretch for 3S-O, 52S-O, 248-0, 
61S-O, 75S-O, and 61S-T falls between the local and the uniform 
per cent strain in tension for all temperatures investigated. 

5 Higher stretch-flange-formability may be achieved with a 
8-in. than with an 8-in-contour-diam die at a forming tempera- 
ture of 70 F for alloys 24S-O and 61S-T. 

6 Inereasing thickness from 0.020 in. to 0.064 in. results in 
higher stretch-flange-formability for alloys 24S-O and 248-T 
when formed on a 6-in-contour-diam die and 70 F. 

7 Sectors may be formed to a greater flange height than 360- 
deg flanges for 24S-O and 248-T. 

8 Springback of stretch flanges is slightly less than for 
straight bends for the same die radius and sheet thickness. 
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Per Cent Srretcu FoR 360-DrG FLANGES 


Assuming that the changes in thickness and length are minor, 
an approximate calculation of the effect of the die angle on the 
stretch is readily obtainable from Fig. 6, 

Let 


v= wo’ + Ratan 
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Accordingly, the true strains of the outer flange fiber are 
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Actually, the length 1’ is somewhat smaller than assumed in the 
foregoing analysis owing to simultaneous thinning of material and 
shortening of the flange during stretching. Usually this factor 
may be neglected, as it is generally a small correction term. 
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Folding in Tube-Sinking 


By GEORGE SACHS! ano W. M. BALDWIN, JR.’ 


An experimental study of the folding tendency of tubes 
during the process of sinking was made. It was deter- 
mined that tubes with a fold-free point, having a wall 
thickness of less than 1 per cent of the diameter, can be 
sunk without folding. However, if it is attempted to 
sink tubes with points containing folds beyond a certain 
critical reduction, the fold contained in the point will be 
perpetuated throughout the length of the tube. This 
critical reduction increases almost linearly with the ratio 
of thickness to diameter of the tube, and is little affected 
by the die angle, the metal, and its temper. The length 
of the fold during its formative period is found to increase 
with increasing reduction, with decreasing relative thick- 
ness, and to be relatively unaffected by die angle. The 
stress required to sink a tube with folds was found to 
increase only slowly beyond the limiting stress for sinking 
such a tube without folding to the smallest possible 
diameter. 


NOMENCLATURE 
r NHE following nomenclature is used in the paper: 


A = cross-sectional area of tube 

D = mean diameter of tube 

L = gage length of tube 

P = force required to sink tube 

8, = average longitudinal tension in sinking 
t = wall thickness of tube 


Nore: o as a superscript refers to original dimensions. 
Primed symbols refer to final dimensions. 


INTRODUCTION 


Certain metal-forming operations are performed in such a 
manner that the metal is not completely constricted in its flow by 
the forming tools, with the result that the metal may escape the 
desired or intended shaping by buckling or folding. Of these 
operations, the following are industrially important: 

“Sinking,” where a tube is drawn through a die without sup- 
port on its internal surface. Circumferential or hoop stresses 
may cause the tube to fold along its length if the wall of the tube 
is thin, Fig. 1 (a). 

“Necking,” “tapering,” and “nosing,” where a tube is pushed 
through a die without internal support. In this case the tube 
may fold along its length, Fig. 1 (6), but may also develop trans- 
verse folds under the action of longitudinal stresses, Fig. 1 (c). 

“Stripping,” where a shell or cup is removed from a draw 
punch, The cup is supported on its internal surface by the punch 
but not on its exterior surface. The longitudinal compressive 
stresses may therefore develop transverse folds, Fig. 1 (d). 


1 Professor of Physical Metallurgy, Case School of Applied Science, 
Cleveland, Ohio. Mem. A.S.M.E. 

2 Metallurgical Engineer, Chase Brass and Copper Company, Inc., 
Midwestern Division, Euclid, Ohio. 

Contributed by the Metals Engineering Division and presented at 
the Spring Meeting, Chattanooga, Tenn., April 1-3, 1946, of Tum 
American Society of MrecHANIcaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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OprrrRATIONS IN WuIcH Fotpine Can Occur 


“Cupping,” or “deep drawing,” where a blank is pushed by a 
punch through a die, forming a cup or shell. The sheet cannot 
always be supported sufficiently by holddown pads to prevent 
radial wrinkles or creases caused by compressive hoop stresses, 
Fig. 1 (e). 

“Spinning,” where a sheet is rotated in a lathe while forming 
tools work the sheet onto a forming block to produce a cup. 
Circumferential stresses again can develop radial wrinkles, Fig. 
1(f). 

These folds and wrinkles appear to be specific cases of the 
general class of buckling failures and as such are characterized 
by two features: (a) they occur in “‘slender”’ articles, i.e., in thin 
metal, and (b) they are caused by compressive stresses lying in 
the plane of the sheet or the wall of the tube and acting ina direc- 
tion normal to that in which the fold occurs. 

The only one of the phenomena described which has been made 
the subject of theoretical considerations is the wrinkling of a 
deep-drawn cup (1). However, this analysis has been applied 
principally in predicting the number of waves into which the 
flange would buckle rather than to the limiting conditions under 
which the cupping operations could be successfully conducted. 

In the present work the factors involved in the folding or 
collapsing of tubes being sunk will be studied experimentally. 
The variables studied will be the alloy, its temper, the wall thick- 
ness of the tube, and the die contour. 


MATERIALS AND PROCEDURE 


For the experimental investigation tubes of four different ma- 
terials were used: (a) hard phosphorus-deoxidized copper (Rock- 
well 30-T, 59-66); (0b) soft phosphorus-deoxidized copper (an- 
nealed 1 hr at 1000 F in a forced-convection furnace); (c) soft 
tube brass (66.5 per cent copper, 0.5 per cent lead, balance zine, 
annealed 1 hr at 1000 F); and (d) soft aluminum (28S, annealed 15 
min at 600 F). 

The tubes were drawn commercially to different diameters 
ranging from 0.580 to 1.375 in., and possessed a wall thickness 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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varying between 0.009 to 0.050 in. In the case of the hard cop- 
per, the reduction in cross-sectional area after the last anneal (but 
before sinking) was approximately 50 per cent. 

Tube specimens, approximately 40 in. long, were drawn 
through three different sets of conical steel dies, possessing half 
die angles of 7, 14, and 27 deg, respectively, to an outside diameter 
ranging from 0.375 to 1.800 in. ‘ The polish on the 7-deg die was 
inferior to that of the 14- and 27-deg dies. 

Two types of points were put on the tubes, i.e., a folded point 
and a fold-free point. The first type of point was obtained by 
first flattening the tube, and then folding the flattened section 
under as shown in Fig. 2 (aand b). The fold-free point was ob- 
tained by sinking a tube progressively with a folded point in 
sufficiently small steps for a short length of the tube to eliminate 
the fold, Fig. 2 (c). 


(a) 


(c) 


Fic. 2 Procepure or Porntinc TUBE 


(a, Flattened tube end. 0b, Flattened section folded under. c, Tube 
drawn in a series of small reductions which eliminates folds and produces 
“‘fold-free’’ point.) 


The sinking was performed on either an Olsen 60,000-lb, or 
a Baldwin Southwark 100,000-lb tensile-testing machine, at a 
speed of approximately 0.5 fpm. For this purpose a special die 
holder was attached above the upper jaw of the testing machine 
and the point of the tube was gripped and pulled with the regular 
lower jaw. A commercial soap-base lubricant with a high free- 
fat content (Nopco No. 6) was employed. 

The load required to sink the tube was generally found to re- 
main constant within +5 per cent over the entire length of each 
tube. 

Micrometer measurements were made on both the initial and 
the drawn tube in order to compute the sinking stress s,, and the 
reduction in mean diameter, D. The sinking stress was calcu- 
lated from the formula 


‘The significant strain for the strain-hardening of the metal in 
tube-sinking is the reduction in mean diameter for those cases 
where the wall thickness increases during the operation. This 
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was the case for all tubes investigated since in no instance did 
the ratio of the wall thickness to mean diameter exceed 0.05, at 
which value, according to Baldwin and Howald (2), the wall 
thickness increases for reductions in outside diameter as high as 
50 per cent. 

This reduction in mean diameter R was computed by means 
of the equation 

D’ 
R=1 D 

The relative thickness of a tube is defined in the present work 
as the ratio of the wall thickness of the tube to the mean diameter 
of the tube, t°/D°. 

If no restriction were put on the angle at which the tube en- 
tered the die, the tube would assume a cant, especially with the 
heavier drafts, when a fold was being perpetuated, Fig. 3. In 
general, the cant was toward the fold when the tube was sunk 
through wide-angle dies, whereas the tube assumed a cant away 
from the fold in the case of the narrow-angle die, although there 
were a few exceptions to this general rule. Experiments conduc- 
ted with a restricting cage to force the tube into an axial position, 
however, showed that this factor had a negligible effect on the 
critical reductions that could be made. ; 


THEORY OF FOLDING 


The folding during tube-sinking and the closely related process 
of necking (primarily observed in cartridge cases) are, according 
to all external appearances, phenomena of plastic buckling, Figs. 
12 to 14, inclusive. The stress responsible for folding is clearly 
the compressive hoop stress. This hoop stress varies for a fold- 
free tube along the length of the tube portion in the die, being 
determined for a given material primarily by the reduction from 
the original to the considered cross section. 

If certain unknown conditions, regarding the magnitude and 
distribution of the hoop stresses required to draw a fold-free tube, 
exist the tube wall would be expected to collapse. It was 
therefore believed at the beginning of this investigation, that 
folding during tube-sinking might be closely related to the col- 
lapsing of a tube under external pressure. In any buckling proc- 
ess one of the decisive factors is the metal thickness; and the 
expected effect of wall thickness was also found to occur in fold- 
ing, as discussed later. In the case of collapsing, increasing 
length of the portion exposed to pressure reduces the unit col- 
lapsing pressure (8, 4, 5,6). The conclusion to be drawn from this 
fact, that a sunk tube drawn with an acute die (i.e., a long con- 
tact length) should collapse after a smaller reduction than a tube 
drawn through a large-angle die, has not been verified by the 
following experimentation. 

In addition, it was found that no folds could be obtained 
within the limits of the investigated dimensions without the 
presence of a preformed fold. Therefore the phenomenon of 
folding probably is not related to a true buckling process, but 
comprises a new problem of plastic flow. ‘The results of this in- 
vestigation may help to reveal the nature of this problem, which, 
of course, must be recognized before any theoretical analysis can 
be attempted. 


EXPERIMENTAL RESULTS 


Sinking of Tubes With a Fold-Free Point. As already men- 
tioned, it was not found possible to collapse any tube with a fold- 
free point. The circular contour appears to be highly resistant 
to buckling, even in tubes with the thinnest wall and subjected to 
the highest possible reduction. An extreme example was soft- - 
copper tube with D® = 1 in. and ? = 0.009 in. (ie., a ratio © 
?/D° = 0.009) and a reduction in mean diameter of approxi- 
mately 50 per cent. 
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(a) (b) (c) 
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(a, Tube in a 27-deg die. 6, Tube removed from 7-deg die showing cant away from fold. c, Tube removed from 27-deg die, 
showing cant toward fold.) 


the fold was eliminated only after the tube was drawn for a con- 
siderable length, occasionally as much as 12 in. 

In the case of a tube which contained folds when sunk, the re- 
duction in mean diameter possesses no physical significance. In 
order to evaluate the data, however, it is necessary to know what 
reduction could have been attained if folding had not occurred. 
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(If the tube was prepared with a fold-free point whose angle was greater 40 
than that of the die, the lubricant could be entrapped in the cavities A-A. 


Being incompressible, it would force folds into the tube being sunk.) 


Such fold-free tubes, however, are obtained only if the tubing 30 
: is free from dents, and seams. In addition, it was observed that 
i any lubricant entrapped between the die and tube surface caused 


folding, as illustrated schematically in Fig. 4. 


REDUCTION IN MEAN DIAMETER 


\ The same facts were found also to exert a considerable in- 

i fluence in the necking of cartridge cases. A high percentage of 

: rejections encountered in regular production was eliminated in one 

re instance by avoiding any denting on handling the mouth of an- 10 

H nealed cases, and in another case by designing the die contour 

: such that no lubricant was entrapped in successive tapering opera- 

4 tions. (0) 

7 Conditions for the Development of Folds in Sunk Tubing. Either e get Cee Pee One ond ve 


; i 7 ICKN TOs ee 
one of two cases occurred when drawing a tube with a folded ee a es aa oe 


point: When subjected to small reductions in diameter, the re- 
sulting tube was fold-free, while beyond a certain reduction it 
et folded along its entire length. Close to this limiting reduction 
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‘This intended reduction was obtained by interrupting the sinking 
process, which produced folds; preparing the tube with a fold-free 
point; and then resuming the sinking process without fold- 
ing. The (intended) reduction was then taken as that of the 
fold-free tube. 

A typical set of experimental data is represented in Fig. 5. 
It assembles the results obtained on tubes of varying wall thick- 
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ness of a particular alloy and drawn through a particular die. A 
solid line has been drawn separating the conditions where a fold 
was perpetuated in the sinking process from those conditions 
where folds are eliminated. This graph illustrates the degree of 
accuracy in determining the dividing line between folded and 
fold-free tubing. In general, the position of this line appears to 
be accurate within approximately +3 per cent reduction. 

In Figs. 6 to 8, inclusive, all the experimentally determined 
boundary lines are shown for the three different dies, the various 
curves in each graph belonging to the different alloys. These 
graphs illustrate that the reduction in mean diameter, up to 
which a tube can be sunk fold-free depends primarily upon the 
relative thickness of the tube. In general, it increases slightly 
faster than proportional to the reduction, for all conditions in- 
vestigated. Any one of the investigated alloys could be sunk 
with any one die to the commercial reduction limit of approxi- 
mately 50 per cent, if the wall thickness is larger than 5 per cent 
of the outside diameter. On the contrary, no tube investigated 
possessing a wall thickness of approximately 1 per cent of its 
diameter could be drawn fold-free (with a folded point) by more 
than approximately 10 per cent reduction. 

This relation was found to be comparatively independent of 
either the alloy, according to Figs. 6 to 8, inclusive, or the die 
angle, according to Figs. 9 to 11, inclusive. A possible effect of 
the alloy, exceeding the accuracy limits of experimentation, was 
observed only for the wide-angle 27-deg die. Contrary to ex- 
pectations for a buckling phenomenon, hard copper could be 
sunk fold-free to higher reductions than soft copper. 

Also, regarding any effect of die angle, it could have been ex- 
pected that a large-angle die, because of its length of contact, 
would permit larger reductions than an acute die. Numerous 
investigations on the collapse of tubes when subjected to external 
pressure reveal a profound effect of specimen length on col- 
lapse pressures (3, 4, 5, 6). It would normally be expected that 
this effect would apply to tube-sinking if the fold development was _ 
a phenomenon of buckling. : 

Observations on Fold Development. This anomalous behavior 
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is more readily understood, however, if the geometry of the fold is 


studied. The manner in which the fold is perpetuated along the 


length of the tube is illustrated in Figs. 12 to 14, inclusive. The 
point of inception of the fold is shallow, but as the metal proceeds 
through the die, the fold deepens generally, first becoming 
‘broader and then narrower. When the metal leaves the die the 
edges of the fold are brought together. This cycle occurs for all 
reductions, heavy or light. The length of the fold depends pri- 
marily upon two factors, i.e., the intended reduction Fig. 12, and 
the relative thickness, Fig. 13. It is, however, practically inde- 
pendent of the die angle, other factors being constant, Fig. 14. 
Consequently, the point of inception of the fold may be either 
inside or outside of the die. It appears interesting that the die 
contour, and consequently the length along which the forces act, 
which cause the reduction in diameter, has practically no effect 
on the fold development. 

The length of the fold was measured for a number of soft cop- 
per tubes drawn through the 27-deg die, Fig. 15. The critical 
reductions for the various relative thickness ratios have been 
also entered in Fig. 15, as arrows. It is seen that the length of 
fold at the critical point is roughly equal to the diameter of the 
initial outside diameter. 

In fold-free sinking the reduction in diameter causes the 
Jength of the tube to increase, while the thickness remains prac- 
tically constant,-as mentioned previously. If the formation of 
a fold were merely a matter of the tube wall being folded into a 
lobe as the tube was drawn through the die, little change in the 
‘eross-sectional area of the original tube would be anticipated. 
The reduction in diameter would then cause primarily a bending 
in the area containing the fold, while the remaining portion of the 
eross section would be only slightly curved. Such a process 
would result in no change in length of the tube. Some measure- 
ments, however, reveal that during the sinking of a folded tube 
the cross-sectional area is definitely reduced and that, conse- 
-quently, the entire cross section is subjected to plastic flow. 

To determine any increase in length, 2-in. intervals were 
scribed along the length of tubes. The tubes were sunk with 
folds, and the segments were then measured. From the assump- 
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tion that the volume of the metal remains constant during plastic 
deformation, the ratio of the initial length to the final length of a 
tube section yields the reduction in cross-sectional area affected 
by the process 


In Fig. 16 the reduction in area determined in this manner is 
plotted as a function of the intended reduction (in mean diame- 
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(All tubes were 1 in. X 0.020 in. soft copper [t?/D° = 0,021] sunk through 27-deg dies. Left to right: sunk to 0.500 in. diam, sunk to 0.650 in. diam, 
sunk to 0.750 in. diam, respectively. Slightly larger than natural size.) 
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ter). It is apparent that an increase in both the intended 
reduction and the relative thickness ratio of the tube leads to an 
increase in the actual] reduction in area. 

Thickness measurements revealed that no thickness changes 
occur before the folded tube enters the die. Within the die, 
however, the wall thickness increases. As shown in Fig. 17 this 
deformation is not uniform around the circumference as the wall 
thickens to the greatest extent at a point diametrically opposite to 
the fold. 

Stresses to Sink Folded Tubes. The unit stress s1, required to 
pull the folded tube through the die is determined by the equa- 
tion 


In Fig. 18 the stresses required to sink (with folds) brass tubes of 
various initial relative thickness ratios, through a 14-deg die, are 
plotted as a function of the intended reduction. It is to be noted 
that the curves so obtained intersect the curve for sinking with- 
out folds, reported previously (7), at the critical reduction, for 
the relative thickness ratio in question. 

The curves for various relative thickness ratios can be further 
reduced to a single master curve if the values for the individual 
stresses are divided by the relative thickness ratio. This has 
been carried out in Figs. 19 and 20 for tube brass and hard cop- 
per, respectively. 


CONCLUSIONS 


The results of this investigation cannot be reconciled with the 
conventional theory of buckling or collapsing. The factors which 
determine the perpetuation or elimination, respectively, of a fold 
in tube-sinking are different from those which determine definite 
buckling phenomena such as the collapsing of a tube. 

The only factor which is conducive to both collapsing and fold 
formation is a small thickness-to-diameter ratio. Other factors, 
however, such as the length along which pressure is applied and 
the elastic and plastic metal properties which are important in 
collapsing, have only a minor influence on folding. 

The predominant effect of the reduction in diameter cannot be 
satisfactorily explained. However, it has been observed that a 
fold is enlarged only if the circumferential force is smaller for this 
process than for fold-free sinking, assuming that the differences in 
the respective sinking forces also indicate proportional differences 
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in the circumferential forces, other conditions being equa]. This 
would also explain the observation that if the sinking forces for 
folded tubes equal those for fold-free tubes, the tendency to fold 
disappears. In other words, a fold wil) be perpetuated only if the 
resistance against bending into the fold is smaller than the resis- 
tance against a uniform compression of the diameter. No theo- 
retical approach to this phenomenon has been developed as yet. 

It has been also observed that it is much more difficult to ob- 
tain a fold on sinking a circular cross section than on sinking a 
section with a preformed fold. This result may be compared with 
the buckling forces required to deform permanently bars under 
concentric and eccentric loading, respectively. 
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Stress Analysis of Tube-Sinking 


By GEORGE SACHS, ano W. M. BALDWIN, JR.? 


A theoretical stress analysis was made of the tube-sink- 
ing operation, equations being set up to yield the sinking 
stress as a function of the reduction in mean diameter. 
The equations were confirmed by experimentation on an- 
nealed and full hard copper and on annealed tube brass for 
conical dies of various tapers. The coefficients of friction 
existing during tube-sinking have been determined and are 


found to be of the same magnitude as those determined 


previously for wire drawing. 


NOMENCLATURE 


The following nomenclature is used in the paper: 


cross-sectional area of tube 


B = parameter = een iy 
tan a 

D = mean diameter of tube 

f = friction coefficient 

k = flow stress (or yield strength in tension) 

ko = 11k 

P = force required to sink tube 

s: = algebraically largest principal stress, assumed to be 
average longitudinal tension in sinking 

s2 = intermediate principal stress, assumed to be die pres- 
sure 

3s; = algebraically smallest principal stress, assumed to be 
average hoop stress 

t = wall thickness of tube 

xz = longitudinal co-ordinate 

a = angle between die wall and tube axis = half die angle 


of conical die 


Nore: o as a superscript refers to original dimensions. 
Primed symbols refer to final dimensions. 


INTRODUCTION 


The analysis of the stresses occurring in a number of forming, 
processes, in which the metal is continuously subjected to def- 
ormation, follows in each case a similar pattern. The processes 
to which such an analysis has been applied so far, wire-drawing 
(1, 2),* strip-rolling (3, 4, 5, 6, 7), and tube-drawing with a 
moving mandrel (8) have one feature in common, namely, that 
the mean stresses acting on each cross section can be derived 
from the equilibrium of the longitudinal forces. 

An analysis of tube-sinking has not been attempted pre- 
viously. In a paper dealing with the stress and strain relations 
in tube-sinking, it was assumed that the stresses in this process 
are identical with those occurring in wire-drawing (9). 

The following discussion presents a theoretical and experi- 


1 Professor of Physical Metallurgy, Case School of Applied Science, 
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mental analysis of the tube-sinking process. In order to develop 
a differential equation for the stresses occurring in the process, 
it was found necessary to consider not only the equilibrium of the 
longitudinal but also that of the transverse forces. This results 
from the fact thatin contrast with the processes just mentioned 
the largest and smallest principal stresses in tube-sinking do not 
occur in a longitudinal plane but in a circumferential plane. 

In the experimental analysis, the high tendency of the tube 
being sunk to develop folds was eliminated by a special pointing 
procedure. This yielded a fold-free point, which permitted 
sinking operations with tubes with the smallest available wall 
thickness to maximum reductions without folding, and thus to 
measure the sinking forces over a wide range of conditions. The 
problem of folding will be considered in a subsequent publication, 


MATERIALS AND PROCEDURE 


For the experimental investigation, tubes of three different 
materials were used: (a) hard phosphorus-deoxidized copper 
(Rockwell 30-T, 59-66); (6) soft phosphorus-deoxidized copper 
(annealed 1 hr at 1000 F in a forced-convection furnace); and (c¢) 
soft tube brass (66.5 per cent copper, 0.5 per cent lead, balance 
zinc, annealed 1 hr at 1000 F). The tubes were drawn commer- 
cially to different diameters, ranging from 0.580 to 1.375 in., and 
possessed a wall thickness of 0.015 to 0.050 in. In the case of 
the hard copper, the reduction in cross-sectional area after the 
last anneal (but before sinking) was approximately 50 per cent. 

Tube specimens, approximately 40 in. long, were drawn 
through three different steel dies, possessing half die angles of 
7, 14, and 27 deg, respectively, to an outside diameter of 0.50 in. 
The polish on the 7-deg die was inferior to that of the 14- and 27- 
deg dies. 

The sinking was performed on either an Olsen 60,000-lb, or 
a Baldwin Southwark 100,000-lb tensile-testing machine, at a 
speed of approximately !/2 fpm. For this purpose, a special die 
holder was attached above the upper jaw of the testing machine, 
and the point of the tube was gripped and pulled with the regular 
lower jaw. A commercial soap-base lubricant with a high free-fat 
content (Nopco No. 6) was employed. 

The load required to sink the tube was generally found to re- 
main constant within +5 per cent over the entire length of each 
tube. 

Micrometer measurements were made on both the initial and 
the drawn tube in order to compute the sinking stress s;’, and the 
reduction in mean diameter, The sinking stress was calculated 
from the formula 


}3 Ip 


= A’ ri at’ D’ 


si’ 


The significant strain for the strain-hardening of the metal in 
tube-sinking is the reduction in mean diameter for those cases 
where the wall thickness increases during the operation. This 
was the case for all tubes investigated, since in no instance did the 
ratio of the wall thickness to mean diameter exceed 0.05, at which 
value, according to Baldwin and Howald (10), the wall thickness 
increases for reductions in outside diameter as high as 50 per cent. 
The reduction in mean diameter R was computed by means 
of the equation 

‘ 

ees 

D° 
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Stress-strain curves by means of tensile tests were determined 
for the various metals before and after sinking in the conven- 
tional manner. The reduction in area is the significant strain in 
the tensile test, being equivalent to the reduction in mean di- 
ameter in tube-sinking. The significant strain of a sunk tube 
subjected to a tensile test is therefore the sum of the two strains 
referred to in the initial cross-sectional arva. 


THEORETICAL ANALYSIS 


The method of analysis used here assumes (a) that a pressure 
normal to the working tool-metal interface operates on the inter- 
face of tube and die, and that, neglecting the presence of the shear 
stress, this pressure is one of the principal stresses; (6) that be- 
cause of friction, a shear stress operates at the interface; (c) that 
transverse sections are free of shear stresses; (d) that the normal 
stress acting on the transverse sections is uniformly distributed 
over the cross section and that it is another principal stress; 
(e) that the wall thickness of the tube is small in comparison to 
the tube diameter; and (f) that the wall thickness of the tube 
remains constant through the process. This last assumption is 
not strictly valid but has been found to be true within +5 per 
cent (9, 10). 

With these assumptions, two equations can be derived from Fig. 
1, using the equilibrium of the forces in the longitudinal and radial 
directions. Summation of the longitudinal forces supplies one 
equation 


D=D°-2x tonn 


Fie. 1 


d 
cos a[(s, + ds,)(A + dA) —s,A] + psina —— xD 
cOoS a 


d. 
+ fp cos a wees aD 
COS a 


= cos a d(s,A) + pdarD (tane+f) =0.......... {1] 
Using the geometrical relations, Fig. 1 
D = 2x tan a dD = —2dz tan a.......... [2] 
A=n7tD . dA = rtdD = 2ntdxtana........ [3] 
transforms Equation [1] to 
atd(s:D) cos « rDdD p watt 
= ntd(s,D) cos a 1/2 7DdD pB = 0........... [4] 


s 
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where 


Summation of the radial components of forces yields 


D d d 
p2B Set eB 0 
2 cos @ COS @ COS a 
or ; 
ie 2t cos @ [6] 
De S3 Dileep ee 


Substituting Equation [6] into Equation [4] results in the 
general differential equation of tube-sinking 


d(s,D) = Bs,dD........ Glan eb ab ne [7] 


Equation [7] is of the same form as that derived for rolling 
(3, 4, 5, 6, 7), wire-drawing (1, 2), or tube-drawing (8), the only 
difference being that the parameter B takes on different values 
for the various forming operations. 

To relate the quantities s; and s; in Equation [7], some condi- 
tion of plasticity must be invoked. The most accurate available 
is the strain-energy condition 


(s1 — 82)? + (s2— 83)? + (81 — 83)? = 2k?........ {8} 


Sy 


Srresses IN TuBE-SINKING 


where the quantities s,, s2, and s;, are the three principal stresses 
in algebraically decreasing order of magnitude and k is the flow 
stress or yield strength of the metal as determined in simple 
tension or compression. However, the use of this condition in- 
volves considerable calculations. Under most general conditions 
Equation [8] sets certain limits on the values that s,; — s3 can 
assume, namely 


kiss (sis) "SWS Ee ee [8a] 
For the present case a constant average value may be taken as 


sufficiently accurate to represent the condition of plasticity 
throughout the sinking process, namely 


s— 8 = Mel hs snky ate Wale Shekerb len arele [8b] 


Substitution of Equation [8b] m Equation [7] and making the 
variable D dimensionless by multiplying the equation with D° 
finally yields the linear differential equation ’ 


ie 
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ds, 8) ko 
lie ay ee ae 
d(D/D’) ans D/D° D/D° 


If the parameter B, is considered constant throughout the 
sinking process (i.e., if the die angle and coefficient of friction are 
constant) this equation may be integrated as follows 


Dia it ° a(D/D) . , ce 
8} = n{ ke Cp pye + pe wees (9] 


where s,’ is the stress for zero reduction, D = dD. 

The parameter B passes to unity as the coefficient of friction 
goes to zero. If the metal is further assumed to possess no strain- 
hardening (i.e., ko is constant) then Equation [9] becomes, neg- 
lecting s,° 


This equation is commonly associated with ideal (i.e., friction- 
less) conditions, and has been deduced, for example, for wire- 
drawing, not only by using a method analogous to the present one 
(1, 2), but also by using stress-analysis methods based on the 
balance of the work consumed (1 te 

Another special case of the general Equation [9] is that in 
which friction exists but no work-hardening occurs. In this case 
ky is independent of D; and Equation [9] may be integrated to 
yield the following equation 


& Bko ; D B-1 ; D B-1 . 
SS Beal =: LD + s D° aaa [9b] 


This equation yields the longitudinal stress at any position D, 
for a given D®, and consequently also the sinking stress, s: = Sir, 
at the exit, D = D’ 


Bis 
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31 Sr aa, D $1 D° See 


EXPERIMENTAL RESULTS 


{10} 


Hard Copper. The comparison of experimental data with the 
theory may be first made for hard copper. This material was 
selected for the investigation primarily because it represents a 
practical example of the conditions assumed to develop Equation 
[9b], namely, a material which does not strain-harden during the 
sinking process. In Fig. 2 the yield strength k, of the hard 
copper is shown as a function of the (mean) diameter change, 
after sinking through the 14-deg (half-angle) die. It will be 
noticed that an average value of k = 60,000 psi would describe 
the yield strength over the entire range of reduction, within 
+3 per cent. A family of curves for the sinking stress si, ob- 
tained by substituting the value ko = 1.1 k = 66,000 psi, and a 
series of values for the parameter B, in Equation [96] are also 
represented in Fig. 2. 

The value of the integration constant C was determined ex- 
perimentally by sinking a tube with the negligibly small reduc- 
tion of 0.25 per cent, approximately; the measured value of 3000 
psi agrees well with that extrapolated from the experimental 
sinking stresses for larger reductions.* 


4 Abundant experimental evidence may be found in the literature 
where a wire-drawing stress extrapolates to a definite positive stress 
value for zero reduction, see Thompson (12), Lueg and Pomp (13), 
Davis and Dokos (2). In discussing this positive value, Thompson 
describes it as ‘‘the extra pull required merely to overcome the fric- 
tional resistance in the die.’’ Poeschl (14) and Davis and Dokos (2) 
attribute this positive value to a small transitional region of elasticity. 
Poeschl has attempted a mathematical analysis for this elastic re- 
gion. In the present paper such positive values for soft copper or 
tube brass were found to be negligible whereas for hard copper they 
were found to be considerably higher, thus tending to confirm 
Poeschl’s theory. 
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(Experimental sinking-stress data for a 14-deg die half-angle have been 
entered as circular symbols.) 


The experimental data agree rather closely with the theoretical 
curve for which the parameter B has a value of 1.4, approxi- 
mately. 

The hoop stress, 83 = $1 — ko Equation [8b] is also shown in Fig. 
2, for a value of B = 1.4. The curve for the hoop stress repre- 
sents its distribution over any length of contact, as its value is 
determined only by the local reduction of the considered cross 
section, irrespective of the total reduction of any particular draw. 

Annealed Copper and Brass. For any soft material such as 
annealed copper and brass, the yield strength is primarily a func- 
tion of the reduction. The stress-strain curves for these two 
metals derived from tensile tests are shown in Figs. 3 and 4. 

The theoretical sinking stress can be obtained by graphical 
integration of Equation [9]. In Figs. 5 and 6, families of curves 
for the sinking stress, for a series of values for the parameter B, 
are given for soft copper and brass, respectively. 

In comparing these theoretically derived curves with experi- 
mental data, it should be borne in mind that the stress-strain curve 
for a tube which had been sunk differs from that derived from a 
soft tube, as illustrated for one example in Fig. 7. This factor 
can be taken into account by a method employed by Sachs (15) 
for wire-drawing. From a comparison of the stress-strain curves 
in tension with those of sunk tubes as given in Fig. 7, a chart 
giving the effective reduction as a function of the actual reduc- 
tion can be constructed.® Such a chart is shown in Fig. 8 for 
tubes sunk through the three different die angles included in this 
research. It will be noted that for large reductions the ideal 
and effective reductions become approximately equal. It is for 
this reason that this correction was not required for hard copper. 

Figs. 9 to 13, inclusive, show the theoretical sinking stresses 


5 The difference between effective and actual reduction is attributed 
to the presence of shear stresses and shear strains. These have been 
demonstrated by means of grids on the cross section of wire, in both 
soft and hard copper, by Taylor and Quinney (16), and by Siebel 
(17). | 
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transformed by means of Fig. 8 from functions of the actual re- 
ductions, Figs. 5 and 6, into functions of the effective reductions. 
Each graph now applies only for a given alloy and a given die 
angle; and the range of parameter values B, represented in each 
graph covers the range of experimental scattering. 

The experimental sinking stresses are shown in Figs. 9 to 13, 
inclusive, as open circles. It will be noticed that the scatter 
is greatest in the case of the 7-deg die and progressively lessens in 
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the case of the 14- and 27-deg die. These observations indicate 
that some variation in friction was encountered in the experiments. 

In general, however, there is a fair agreement between the ex- 
perimental value and a theoretical curve for a particular value of 
the parameter, B. 

Coefficients of Friction.. From the parameter B, and the die 
angle a, the frictional coefficient f = tan p, can be readily deter- 
mined by means of Equation [5] 


tana +f _ 
tana 


B 


In Fig 14 the parameter B is plotted as a function of the .co- 
efficient of friction, tan p, for the three die angles, a = 7, 14, and 
27 deg employed in this investigation. 

In Table 1 the parameters B are tabulated for the various 
metals and die angles investigated. The corresponding values of 
the coefficient of friction, f, are also included in Table 1. 


TABLE 1 PARAMETERS, DIE ANGLES, AND COEFFICIENTS OF 
FRICTION OF METALS INVESTIGATED 


Coefficient of 


Die angle, Parameter, | friction, 

Material deg B fi 
Hard copper......... 14 1.4 0.10 
Soft copper..........5 14 1.4 0.10 
27 1.3 0.15 

Taube jbraasiy.s «1 acer gate 7 2.6 0.20 
14 1.5 0.13 

27 1.3 0.15 


These coefficients of friction are for both the 14- and 27-deg 
die of the same order of magnitude as those obtained by other 
investigators for wire-drawing (1, 2). However, for the 7-deg 
die, which was not as finely polished as the 14- or 27-deg die, the 
friction was found to be approximately twice as great. 
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CoNcCLUSIONS 


Any theory of a metal-forming process involves a number of 
simplifying assumptions in order to obtain sufficiently simple 
equations to allow numerical or graphical evaluation. Some 
discrepancies between theory and experimentation may therefore 
be expected. The analysis of tube-sinking presented here con- 
tains some minor refinements as compared with previous analyses 
of related processes in that no mathematical approximations are 
used other than that employed for the condition of plasticity. 
‘The experimentation indicates that this has yielded the gratifying 
result that the sinking stresses (i.e., the draw forces and the power 
consumption, excluding the losses in the equipment) can be cal- 
culated satisfactorily to within + 2000 psi for soft copper drawn 
with a 27-deg die, and to within + 9000 psi for soft tube brass 
drawn with a 7-deg die. This range of agreement is comparable 
to that reported in studies on wire-drawing, tube-drawing, etc. 

It must be emphasized, however, that such an agreement can- 
not be claimed for either the distributions of the stresses or the 
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strains over the cross section in drawing processes. So far, no 
theoretical analysis is available which promises to yield accurate 
results regarding the stress and strain distributions. This knowl- 
edge would be very desirable as the stress distribution is impor- 
tant in respect to various commercial problems, particularly those 
involving residual stresses. 


Appendix 


CoMPARISON OF TUBE-SINKING WiTH Wire-DRAWING; EFFECTS 
or TuBp THICKNESS 


The experimental data on tube-sinking were obtained with 
thin-walled tubes, their ratio of wall thickness to diameter (rela- 
tive thickness) being between to/D* = 0.01 to 0.05. Tubes having 
a larger relative thickness were not investigated. 

However, some indication regarding the effect of relative 
thickness can be obtained by comparing the stresses required to 
draw, respectively, thin-walled tube with those required to draw 
wire (or rod), other conditions (metal, dies, lubricant) being 
identical. 

The wire represents the limiting condition of a tube, the rela- 
The wire-draw stress is 


2(Bi- 
8" Be Biks aes “| {11] 
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Neglecting the back pull s1’, the sinking stress given by Equa- 
tion [10] becomes 


, _ Bh Ba 
81 gies | a(™) | rena ate ae [10a] 


The parameters, B; and B, in Equations [11] and [10a] are 
identical (see Equation [5]) 


Be ates tane +f 
tan a 
Considering that the cross-sectional area in wire-drawing is 
A, = rD? 
consequently 
Aare DNs 
SS (el geno ooo Sao 12 
A,’ (2) 2) 
On the other hand, the cross-sectional area in tube-sinking is 
A = 2xtD 
consequently 
Am D)” 
Fee on doo Sa OR ICO 13 
Ao aMe Db? [13] 


Introducing Equations [12] and [13] into Equations [11] and 
[10a], respectively, yield the following 
For wire-drawing 
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and for tube sinking 


Thus for a given ratio of cross sections at the entrance and 
exit, the ratio of the draw stresses for wire-drawing and tube- 
sinking should be 

8,” k k 
som Bee ie tiie 

So far, the comparison of the two processes has not considered 
the effects of the shear stresses at the interface between die and 
metal, which increase the yield strength over that of a homo- 
geneously deformed metal, as discussed previously. If these 
effects are larger in tube-sinking than in wire-drawing, the ratio 
k/ko would be larger than 0.9, and vice-versa. 

To test these conceptions, two series of tests with a 14-deg and 
a 27-deg (half-angle) die, respectively, were carried out on an- 
nealed copper. The processing of both the copper tubes and the 
copper wire was such that identical stress-strain curves were ob- 
tained, represented in Fig. 3. All test conditions were also the 
same, as described previously for tube-sinking. 

The results of the experimentation are shown in Figs. 15 and 
16. For thé smaller die angle, 14-deg, the ratio of the draw 
stresses for wire-drawing and tube-sinking respectively, is pos- 
sibly slightly larger than 0.9. For the larger die angle this ratio 
is rather close to unity. Considering that the effects of shear 
increase with increasing die angle, the following conclusions can 
be drawn from these tests: (a) The draw stresses in tube-sinking 
and wire-drawing, respectively, correspond approximately to the 
fundamental difference in the flow stress derived from the dif- 
ference in their stress states; (b) the shear stresses occurring 
under commercial processing conditions affect the metal flow in 
wire-drawing to a (slightly) greater extent than in sinking a thin- 
walled tube. 
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FOREWORD 


Both alphabetical and geographical lists of members of all grades except Student 
Members are included in this issue of the Membership List of The American Society 
of Mechanical Engineers. It is published as a Section Two of the A.S.M.E. Trans- 
actions, the third Section Two of Transactions in 1946. The Indexes to Publications 
appeared in January and the personnel of Council and committees and other general 
information in February. The colored page in the front of the Membership List is a 
guide to the latter pamphlet and to other sources of information about the Society. 


Alphabetical List 


Each entry in the Alphabetical List covers the member’s grade and year of member- 
ship, symbols indicating registration in Professional Divisions, Society office held or 
award received, and his address. 

The dates and letter symbols in parentheses immediately following the name of a 
member indicate his grade of membership and year of election or promotion to each 
grade. Where a single date is not accompanied by a letter symbol, the grade of 
Member is to be understood. Also where several dates are given, with no letter 
symbols, the final date indicates the year of election to full membership. The key to 
the symbols appears on the following page. 


Professional Divisions Registration 


One or more letter symbols appearing in a second parenthetical group designate 
Professional Divisions of the Society in which the member has signified his interest. 
The card sent to members asking for information for the 1946 Membership List gave 
them the opportunity to register in as many as six divisions, in order of interest. If a 
member failed to bring his Professional Division registration up to date, his latest 
previous registration has been retained. In cases where no preferred order has been 
indicated, the symbols are given in alphabetical order. The key to the symbols is 
given on the next page. 


Addresses 


The addresses given are, in most cases, those on record on March 1, 1946, the date 
set for the return of the information cards sent to members. However, the publication 
of the Membership List having been delayed, late returns were incorporated as long 
as was possible without causing further delay and an excessive increase in publication 
costs. Special attention was given to the listings of members being released from the 
armed forces, but up-to-date information regarding such members has not been 
received in many cases. 


The extension of the actual closing date also made it possible to include all those 
who were in good standing on April 1, 1946. 


Geographical List 


The Geographical List gives the names of those in each locality. Facing the first 
page of that section of the book is an index giving the number of the page on which 
each country will be found. 

In the United States and Canada, the name of each city which falls within a 
Section is followed by the name of that Section. Members residing in cities where no 
Section is mentioned may affiliate with any Section, without additional dues, upon 
request to the headquarters of the Society. Members are grouped according to the 
business addresses unless otherwise requested. Members of the armed forces who 
furnished an address in the United States in addition to an A. P. O. or F. P. O. service 
address, are listed under the former. 


Restrictions on Use of Membership List 


This Membership List is issued for the personal use of members of The, American 
Society of Mechanical Engineers in connection with Society and professional affairs. 
Each member is expected to conserve it and not to permit his copy to be used for the 
basis of circularization. Such use is annoying to fellow members. 


Key to Symbols 


Grades of Membership 


H—Honorary A—Associate 
F—Fellow J—Junior 


Professional Divisions 


A—Aviation H—Hydraulic R—Railroad 

B—Applied Mechanics J—Metals Engineering S—Power 
C—Management K—Heat Transfer -T—Textile 

D—Materials Handling L—Process Industries W—Wood Industries 
E—Oil & Gas Power M—Production Engineering Y—Rubber & Plastics 
F—Fuels N—Machine Design Group Z—Industrial Instruments 


G—Graphic Arts O—Consulting Engineering Group 
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York, N.Y.; for mail, 180 N. 17th St., East 
Orange, N.J. 
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Engr., Algren Mfg. Oo., 325 Lafayette St., New 
York; for mail, 50 Westminster Rd., Brooklyn 


18, N.Y. 
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Dist. Engr., Am. Mutual Liability Ins. Co., 772 
Ledger Bldg., Philadelphia, Pa. 

Bender, René Jose (J’37) (FERSA), Asst. to 
Ch. Cons. Engr., Sinclair Refining Co., 630— 
5th Ave., New York 20, N.Y. 


B.F.S., Shaw Field, Sumter, S.C. 
’44) (KLOC), 


Staunton, 


Bendersky, David (J’43) (AEB), Pvt., Co. B, 


105th Bn., 76th Regt., Inf. Replacement Trng. 
Center, Camp Robinson, Ark. 

Bendixen, Alf Hugo (’44) (NBESO), Staff 
Engr., Garmey, Bodin & Johansen, Inc., 382 
Broadway, New York 4; for mail, 675—86th 
St., Brooklyn Soa Nae 

Benedetti, George Gunnar (’30;’85) (BDK 


SHY), Spec. Staff Engr., N.Y. Cent. R.R. Co., 
Rm. 1842, 70 E. 45th St., New York 17, N.Y.; 


for mail, 111 Larch Ave., Bogota, N.J. 
Benedick, Fred (’44) (SHKE), Mech. Engr., 
Puget Sound Naval Shipyard; for mail, 1412 


Burwell Ave., Bremerton, Wash. 
Benedict, Coleridge H., Jr. (J’40), Hdq. & Hdq. 
Co., 803rd Sig. Opera. Bn., ee rise Calif. ; 


for mail, 56 Baker Ave., Dover, 
Benedict, Loyal Clark (’19; ee 5) (CDM), 
Prod. Mgr., Robot Appliances, Inc., 943 S, High 


St., Akron 11; for mail, 123 E. Prospect St., 


Wadsworth, Ohio, 

Benedict, Walter E. (’28;’84;’35) (MLYDZ), 
Ch. Research Engr., Sloane-Blabon Corp., Hutch- 
inson’s Mills, Trenton, N.J. 

Benedictus, Andrew Roger (’42; ’45) (MORSA), 
Rm, 1539, 55 W. 42nd St., New York 18, N.Y. 

Benes, Gaspar Peter (’45) (BM), Ch. Tool 
Designer & Mech. Engr. ‘Addressograph- -Multi- 
graph Corp., 1200 Babbitt Rd., Cleveland 17; 
for mail, 10541 Elk Ave., Cleveland, Ohio. 

Benes, Ralph Joseph, Jr. (44), 90 Clover Ave., 
Floral Park, We 

Benét, Laurence Vincent (92), Retired; 2021 
Connecticut Ave., Washington 8, D.C. 

Benfer, Maurice Frink (J’27) (OMCJDG), Con- 
sultant, Indus. Engr., 3210 Cross St., Madison 

Benford, Robert L. (J’40) -(BJS), Mem. Gear 
Engrg. Dept., Gen. Elec. Co., River Works, 
West Lynn; for mail, 265 Pleasant St., Marble- 
head, Mass. 


Benger, William Frederick Alexander (’44), 
Ch. Mech. Engr., Canadian Pacific Ry. Co., 
Windsor St., Montreal 3, Que., Can. 


Bengle, Charles Victor (J’38) (KZSBL), Sales 
Engr., Worthington Pump &. iichy. Corp., 8th 
& Race Sts., Cincinnati 1, 

Benischek, Howard William o 37) (AMEFLOC), 
3962 Mt. Vernon, Ft. Worth 38, Tex. 

Benjamin, Julien Philip, Jr. (338) (ABD), Lt., 
Conversion Officer, Water Div., Trans. Corps, 

TAG, Nuk. port. of Embarkation, Brooklyn ; 
for mail, 6702 Ridge Blvd., Brooklyn 20, N.Y. 

Benjamin, Max William (31; 87) (BEFHKS), 
Steam Power Engr., Engrg. Div., Detroit Edison 
Co., 2000—2nd St. Detroit 26; for mail, 621 
S. Denwood Dr., Dearborn, Mich. 

Benjamin, Ray Neel (’25) (SHFEBK), Mech. 
Engr., Georgia Power Co., 75 Marietta St., N.W., 


Atlanta 3; for mail, 74—I17th St., N.E., At: 
lanta, Ga. 
Benjes, Edward McDevitt (J’34), 5005 Ross 


Rd., Baltimore 14, Md. 

Benkert, John Edwin (J’43) (MALJCW), Pvt., 
Army Air Forces, Sqd. O, 8706th Base Unit, 
Sheppard Field, Tex. ; for mail, 515 Winkler 
Ave., Louisville. 8, Ky. 

Benneche, Christian Price (748) (OS), Engr., 

K. Blum, 205 E. 42nd St., New York 17, 


N.Y, 

Benner, Louis Howard (J’41) (KSDEA), Field 
Engr., Am. Blower Corp., 611 Olive St., St. 
Louis 1, Mo. 


Bennett, Arthur F, (721; ’35) (BDHJMN), 
Mch. Designer, Brown & Sharpe Mfg. OCo., 
Promenade, Providence; for mail, 360 Wash- 


ington Rd., West Barrington, R.I. 

Bennett, Arthur L. (J’40) (FKS), a Bt 
2706 Campbell Ave., Schenectady 6, 

Bennett, Charles Wilbur (04) Cony, 2 pebinedh 
119 Hoodridge Dr., Mt. Lebanon, Pittsburgh 16, 


Pa. 
Bennett, Clinton Wendell (222 385), 
Cooley & Marvin, 140 Federal St., 
ass 


Partner, 
Boston 10, 


Bennett, Daniel Arthur (’30;‘35;’38) (ONE), 
Lt. Comdr., U.S.N.R., Pat. Lawyer, Office of 
Research & ‘Inventions, Navy Dept., Washington, 
oo -: ; for mail, 3434 S. Wakefield St., Arlington, 


Baunate, Daniel Paul (J’44) (OMS), Pvt., 1st 
Class, Regt. Hdq., 16th Inf., A.P.O. 1, c/o 
Postmaster, New York, N.Y. 

Bennett, Douglas Warren (44) (BJM), Sr. 
Naval Arch., Norfolk Naval Shipyard, Ports- 
mouth; for mail, 433 Wells Pkwy., Norfolk 3, 


Va. 
Bennett, Frank S. (’22) (ABFKRS), Mech. 
Boge cee: Elec. Co., 1 River Rd., Schenectady 
Bennett, George Lewis (’05) 
Mountain, New Milford, Conn. 
Bennett, George Wyckoff (J’42) (MBC), Prod. 
Engr., East. Air Devices, 585 Dean St., Brook- 
hee for mail, 29 Clarkson Ave., Brooklyn 26, 


(OMC), Long 


Bennett, Harold M. (’45) (BKM), Mech. Engr., 


E. E. Ashley, 10 E. 40th St., New York; for 
mail, 574—81st St., Brooklyn 9, N.Y. 
Bennett, Harry A. (’24), V.P., Charge Mfg., 


Haughton Elev. Co., 671 Spencer St.; for mail, 
2715 Sagamore Rd., Toledo, Ohio. 

Bennett, Henry George (’24;’35) (CFHKSZ), 
Engr., Commercial Relations, N.Y. Steam Corp., 
130 E, 15th St., New York; for mail, 40 Earley 
St., City Island "64, Nowe 
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Bennett, Hubert Duke (’44), Pres., Toledo Scale 
Co., Defiance Mch. Works, Toledo 12; for mail, 
2247 Collingwood Blvd., Toledo 10, Ohio. 

Bennett, James (’41) (BHJKLT), Ch. Plant 
Engr., Am. Viooee Corp. ; for mail, Box 1043, 
Front Royal, Va. 

Bennett, hea William (J’44) (LSZ), Mech. 


Engr., Energy Control Co., 866 Broad_St., 
Ne A for mail, Box 524, R.F.D. 2, West- 
wo 


Bennett, Joseph 8., 8rd (’24; ’26) (FSC), V.P., 
Am. Engrg. Co., Philadelphia 25, Pa. 
Bennett, enneth Stephen (J'42) (MODN), 
Engr., Gen. Elec. Co., Sehenesaty ae mail, 
2706 Campbell Ave., Schenectady 6, 


Bennett, Leland Wilson ('18; 36) “(80HAO), 
Valuation Engr., Ebasco Services, Ine., 2 Rector 
St., New York 6; for mail, 420 W. . 24th St., New 


York LT NY. 

Bennett, Norman H. (J’40) (BHSMC), Golden- 
dale, Wash. 

Bennett, Raymond Franklin (’39) (CMSOLK), 
Gen. Supt., Ecusta Paper Corp., Box 200, Pisgah 
Forest, N.O. 

Bennett, Vincent W. (J’40) (EBC), Asst. Gen. 
Supt., Gen. Ship & Eng. Works, 336 Border St., 
East Boston; for mail, 29 Banks Rd., Swamp: 
scott, Mass. 

Bennett, Wm, C. M. (S 37), Observer, Carnegie- 
Ill. Steel Corp., Munhall ; for mail, 63814 
Marchand St., East Liberty, Pa. 

Bennett, William Francis (J’41) (FKOCE), Jr. 

Atlanta Gas & Light Co., Box 4569, 


Bennett, William H. (’45), Supt., Gautier Dept., 
Bethlehem Steel Co.; for mail, Box 5388, Johns- 


town, Pa. 
Beenet William H, K. (’20) (DH), Pres., 
a Bennett Co., 100 W. Monroe St., Chi- 
wa 


Soe \Stetor Leopold (’22; ’382;’385), Charge 
Engrg., Electricity Supply Comm., Salt River 
Power Sta., Dock Rd.; for majl, ‘‘Naby,’” Ben- 
nington Rd., Capetown, South Africa. 

Bennon, Meyer (J’43) (ZLJA), Radio Engr., Naval 
Air Exper. Sta., Naval Shipyard, Philadelphia ; 
for mail, 542 Tasker St., Philadelphia 48, Pa. 

Benns, Jack J. (745) (DOR), Ch., Arty. ‘Branch, 
Army Serv. Forces, Chicago Ord, Dist., 38 st 
Dearborn St., Chicago 8; for mail, 5428 Leland 


Ave., Chicago, Tl. 
C. (J’43) (BORMN), 190 


Bennum, George 
Searlwyn Rd., Syracuse 5, N.Y. 

Benoit, A. Ww. (21) (T), Assoc., Chas. T, Main, 
Inc., 201 Devonshire St., Boston, Mass. 

Benoit, Lester William (025; 745) (SHEJ), Gen. 
Secy., Mfrs. Standardization "Soc. of the Valve & 
Fittings Industry, 420 Lexington Ave., New York 


DNs 
Benscoter, Daniel B. (’28;’35) (EFS), Mun. 
Engr., Dayton Power & Light Co., Gas & Elec. 


Bldg., 25 N. Main St., Dayton 1, Ohio. 

Bensen, Igor B. (340) (BAOJ), Design ee 
Gen. Elec. Co., 1 River Rd., Schenectady, N ais 
Bensinger, Samuel M, (7343 ’42) (EBCRAT), 
Plant Engr., Arms Textile Mfg. Co., Manchester, 


N.H. 

Benson, Allen Arthur (’43) (SBFKJ), Power 
Plant specen Engr., Indianapolis Power & Light 
Co.;. L7ALN. Meridian St., Indianapolis 6; for 
mail, Pifeet Brookside Pkwy. N. Dr., Indianapolis 


1, In 

Sees “Arthur Edward (’26 ; °84; 785) (YCLM), 
Project Engr., Tire Devel., U.S. Rubber Co., 6600 
E. Jefferson Ave., Detroit gee for mail, 754 Ash- 
land Ave., Detroit 15, Mich 

Benson, Carl Ivar, Jr. (J’ 45) (SKEBA), Engr., 
East. Refractories Co., Inc., 70 Pearl St., Brook- 
line 46; for mail, 85 "Judson Rd., Weymouth 88, 
Mass. 

Benson, Carl N. (’18;’26;’35) (HTW), Mech. 
Engr., SKF Industries, Inc., Philadelphia 84; 
for mail, 427- Newbold Rd., Jenkintown, Pa. 

Benson, Chenery F, (’19; ’22) (TSC), Mgr., Chi- 
cago Curled Hair & Gen, Felt Products Co., 2301 
S. Paulina St., Chicago 8, Il. 

Benson, Frank Robert (45) (EHNSW), Ch. 
Engr., Newport News Shipbldg. & Drydock Co., 
Newport News, Va. 

Benson, George Albert (’42) (BMWOC), Mem. 
Tech. Staff, Bell Tel. Labs., 463 West St., New 
York 14, N.Y. 

Benson, John Goffe (J’36) (CSKLZ), Cost Ana- 
lyst, Linde Air Products Co., 30 E. 42nd St., 
New York 17; for mail, Edgepark Rd., White 
Plains, N. Y. 

Benson, Paul Chadbourne (J’39) (CMAZY), Asst. 
Prod. Mgr., Ericsson Screw Mch. Products Co., 
Inc., 25 Lafayette St., Brooklyn 1; for mail, 
5 Old Mamaroneck Rd. White Plains, N.Y. 

Benson, Philip A., Jr. (J’41) (CJM), U.S.N.; 
9 DeKalb Ave., Brooklyn, N.Y. 

Benson, Robert Elliott. (en 88) (MOOS), Indus. 
Analyst, Securities Investment Dept., Equitable 
Life Assurance Soc. of the U.S., 398-—T7th Ave., 
New York 1; for mail, 280 Prospect Ave., Sea 
OR Liles, Ney. 

Benson, Stuart W., Jr. (J’40) (ABY), Lt. Col., 
1221 Boundary St., Aliquippa, Pa. 

Bent, Wendell Eugene (J’43) (CKS), Lt. (j.g.), 
U.S.N.R., Southdown Ave., Huntington, L.I., N.Y. 

Bentey, Thomas J. (°39 ; 46) (MJD), Design 
Engr., Pollak Mfg. Co., 541 Devon St., Arlington ; 
for mail, 70 Ligeia Pl., East Orange, N.J. 

Bentivegna, Anthony Francis (J’45) (SKA), 
Pvt., Sqd. SB-6, Box 25, Keesler Field, Miss. 
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Bentley, David Merrell (J’40) (ACD), Engr., 
Reports & Appraisals, J. G. White Engrg. Oorp., 
80 Broad St., New York; for mail, 22 Dongan 
St., Staten Island, N.Y. 

Bentley, Geo. L. (A’21) (HSK), Sales & Serv. 
Engr., Ingersoll-Rand Co., 1700—8rd Ave. S., 
Birmingham 8, Ala. 

Bentley, Harold (’30) (DEFK), Gen. Megr., 
Keymer Bagshawe & Co., Ltd., 22 Strand Rd. ; 
for mail, Box 899, Calcutta, India. 

Bentley, Oliver D, H. (’10) (CJS), Mer., Engr., 
Turbine Dept., B. F. Sturtevant Co., Damon St., 
Hyde Park, Boston, Mass. 

Bently, Julius Gordon (’24 ; ’25; ’35) (FSRDKO), 
Mech. Engr., Fuel Sery., Army Serv. Forces, Hdq. 
6th Serv. Comd., 20 N. Wacker Dr., Chicago 6; 
for mail, 7748 East End Ave., Chicago 49, Ill. 

Benton, Eugene Dewey ('42) (FRSEZO), Fuel 
Engr., Louisville & Nashville R.R. Co., 908 W. 
Broadway, Louisville 3; for mail, 1886 Ruther- 
ford Ave., Louisville 5, Ky. 

Benton, Louis Arnett (’45) (CDLJN), Super- 
visory Engr., Barrett Div., Allied Chem. & Dye 
Corp., Frankford, Philadelphia 37; for mail, 
Route 1, Newton, Bucks County, Pa. 

Bentson, Harold Jacob (’87) (FKLS), Power 
Engr., United Engrs. & Constructors, Inc., 1401 
Arch St., Philadelphia 5, Pa. 

Benzien, Fritz (’80;’36) (BCL), Maint. Engr., 
Colgate-Palmolive-Peet Co., 105 Hudson St., Jer- 
sey City; for mail, 339 Cumberland Rd., South 
Orange, N.J. 

Benzon, George H., Jr. (’18) (BOM), Prod. Mgr., 
Lucas Mch. Tool Co., 523 BE. 99th St.; for mail, 
13805 Shaker Blvd., Cleveland, Ohio. 

Beran, Charles Francis (27) (CTLYDF), Vas 
Charge of Prod., Celanese Corp. of Am., 180 
Madison Ave., New York 16, N.Y. 

Berard, Samuel John (719) (NGB), Prof. Eme- 
ritus, Engrg. Drawing, Brown Univ., Providence 
ae for matl, 51 University Ave., Providence 6, 


Bic 

Berberich, Charles Edward (J’37) (SFCZK), 
Engr., Potomae Elec. Power Co., 10th & E Sts., 
N.W., Washington 4; for mail, 1728 Lamont St., 
N.W., Washington 10, D.C. 

Bercaw, Corliss Arthur (J’39) (RCEMF), Dist. 
Sales Mgr., Electro-Motive Div., Gen. Motors 
Corp., 135 S. La Salle St., Chicago 3, Tl. 

Berdahl, Edgar Oliver (J’45) (ABZOON), Vibra- 
tion Measurement & Research, David Taylor Model 
Basin, Navy Dept., Washington 7, D.O.; for mail, 
20 Froude Circle, Bethesda, Md. 

Berdan, Frank, Jr. (J’39) (©), Asst. to Mer., 
Naval Aircraft Factory, Naval Air Matl. Center, 
Naval Base Sta:, Philadelphia 12, Pa.; for mail, 
West Orchard St., Allendale, N.J. 

Beretta, John Ward (’32) (ABO), Pres., J. W. 
Beretta Engrs., Inc., 1205 Natl. Bank Bldg., San 
Antonio 5; for mail, 404 W. French Pl., San 
Antonio 1, Tex. 

Berg, Henning J. (’17; 21; 35) (HS), Mech. 
Engr., Stand. Oil Co, of Calif., 225 Bush St.; 
for mail, 2335 Laguna St., San Francisco, Calif. 

Berg, Lothar Edward (J’44) (HKL), c/o Minne- 
apolis-Honeywell Regulator Co., 1305 Capital St., 
Houston, Tex. 

Bergdolt, George James, Jr, (J’43) (AEMCJ), 
122 Shippen St., Weehawken, N.J. 

Bergdolt, Vollmar Edgar (J’389) (J), 104 N. 
Salisbury St., West Lafayette, Ind, 

Bergen, Martin John (’37; °45) (ABF), Ch. 
Draftsman, BE. I. du Pont _de Nemours & Co., 
Wilmington 98; for mail, Elkton Blvd., R.R. 1, 
Newark, Del. 

Berger, Alfred (J’41), 1828 Andrews Ave., Bronx 
63, N.Y. 

Berger, Frank Alfred (’09) (BEFKS), Prof. 
Mech. Engrg., Washington Univ., St. Louis 5, Mo. 

Berger, George G, ('42; 748) (CBGAN), Gen. Mgr., 
Duroyd Gasket Mfg. Co., 1828 Amsterdam Ave., 
New York 31, N.Y. 

Berger, Joseph W. (’18) (SKBFNH), Mech, 
Engr., 579 Wolcott Ave., Beacon, Nes 

Berger, Julius George (’14;’24) (OSFETK), 
Cons. Engr., Mech. Engr., Firm of J. G. Berger, 
24 Commerce St., Newark 2, N.J. 

Berger, Knute ('26) (ABHJN), Pres., Gen. Mgr., 
Berger Engrg. Works, Inc., 3236—16th Ave., 
S.W., Seattle 4; for mail, 3432 Mt. Baker Blvd., 
Seattle 44, Wash. 

Berger, Peter (J’43) (SZKEAY), Aerodynamicist, 
Ranger-Lark Co.; for mail, 9102—169th St., 
Jamaica 3, L.L., N.Y. 

Berggren, Karl G. (’27; 35), Engr., Thos. A. 
Edison, Inc.; for mail, 62 Valley Way, West 
Orange, N.J. 

Bergh, Paul Sigvard (J’42) (ABH), Radio Tech- 
nician, 20-A-4, Rm. 612 Yorktown, Naval Trng. 
Sch., Del Monte, Calif. 

Bergin, Robert Francis (J’38) (FKS), Serv. 
Engr., Hall Labs. Inc., 2512 Book Bldg., Detroit 
26; for mail, 9599 Cardwell, Garden City, Mich. 

Berg-Johnsen, Jorn, Jr. (J’41) (ACDJM), Requi- 
sition Engr., Carbon Products Div., Gen. Elec. 
Co., 1 River Rd., Schenectady 5; for mail, 1567 
Union St., Schenectady 8, N.Y. 

Bergland, Wm. 8. (’18;’85) (JLW), Project 
Engr., E. I. du Pont de Nemours & Co., Wilming- 
ton, Del. 

Bergman, Donald J. (’24;’35) (LZKBH), Ch. 
Engr., Universal Oil Products Co., 310 S. Michi- 
gan Ave., Chicago, Ill. 


Bergman, Elmer Otto (’43) (BJKHO), Cons. 
Engr., O. F. Braun & Co., 1000 8. Fremont Ave., 
Alhambra, Calif. 

Bergmann, Adolph A, (’23; 29) (SKFJE), Mech, 
Engr., Pub. Utility Engrg. & Serv. Corp., 231 S. 
La Salle St., Chicago 4, Ill. 

Bergner, Frederick A., 8rd (J’41), 7427 Rising 
Sun Ave., Philadelphia, Pa. 

Bergsland, Charles Hans (J’39) (NHYB), Mech. 
Engr., Lake Erie Engrg. Oo., Box 68; for mail, 
25 Biseman, Kenmore 17, N.Y. 

Bergstrom, Albert L. (’37) (JMR), V.P., Charge 
Engrg., Timken Roller Bearing Co., 1835 Dueber 
Ave., Canton 6, Ohio. 

Bergstrom, Paul Hugo (J’38), 
Holyoke, Mass. 

Bergstrom, Ralph W. (J’41), Capt., Army Air 
Forces, Apt. 3, 1950 Hinsachee St., San Antonio, 


Tex. 

Berkey, Donald Clayton (J’43) (BJKNS), Tur- 
bine-Generator Engrg. Div., Gen. Elec. Co., 1 
River Rd., Schenectady 1; for mail, 201 Jackson 
Ave., Boapecciaey ae NA 

Berkley, Henry Walter (29) (SBH), Field Erec- 
tion Supt., Westinghouse Elec. Corp., 40 Wall St., 
New York 5, N.Y.; for mail, c/o Mrs. J. BE, 
Staggs, 52 Yukon St., San Francisco 14, Calif. 

Berkley, William Ernest (’21; ’26; ’35) (BS), 
Dist. Turbine Engr., Gen. Elec. Co., 1801 N. 
Lamar St., Dallas 2, Tex. 

Berkness, Irving Russell (’44) (SOFCDE), Mech. 
Engr., Designer, Slaughter, Saville & Blackburn 
Inc., Law Bldg.; for mail, 1853 W. Grace St., 
Richmond, Va. 

Berlau, Charles Jacob (J’46), 232 E. Front St., 
Berwick, Pa. 

Berman, Benjamin P, (J’38) (ABM), Mar. Engr., 
Naval Shipyard; for mail, 4417 Baltimore Ave., 
Philadelphia 8, Pa. 

Berman, Robert (J’48), 204 N. Beechwood Ave., 
Catonsville, Md. 

Bermeo-Cevallos, Carlos H, (J’45), Grand Hotel, 
Guayaquil, Ecuador, S.A. 

Bermingham, John Richard (J’45) (AYONHE), 
Megr., Indus. Div., Am,-Ind. Inc., 420 Madison 
cag for mail, 137 BE, 28th St., New York 17, 


ve 

Bernard, Harold B. (’15;’21;’28), V.P., Sin- 
clair-Prairie Oil Co., Sinclair Bldg.; for mail, 
1500 S. Frisco Ave., Tulsa, Okla. 

Bernardo, Everett (J’42) (AFJKS), Mech. Engr., 
Aircraft Eng. Research Lab., Natl. Advisory 
Comm. for Aero., Cleveland Airport; for mail, 
8576 W. 147th St., Cleveland 11, Ohio. 

Bernat, Richard Raymond (J’43) (BHCD), 
Technician, 4th Grade, Corps of Engrs., Spec. 
Engrg. Det., Oak Ridge, Tenn. ; for mail, 24 
Mercer St., Jersey City 2, N.J. 

Bernauer, Raymond O, (44), Engr., Nordberg 
Mfg. Co., 3073 S. Chase Ave., Milwaukee 7; for 
mail, 1236 South 36th St., Milwaukee 4, Wis. 

Berndt, Paul (J’45) (AEL), 5450 S, Blackstone 
Ave., Chicago 15, Ill. 

Berner, Gerard Herman (J’43) (ABJ), Sr. Stress 
Analyst, Glenn L. Martin Co., Baltimore 3; for 
mail, 6401 Catalpha Rd., Baltimore 14, Md. 

Berner, John (’43) (NMJCD), Shop Supt., Asso- 
ciated Wirecloth Products, Inc., 262-72—44th 
St., Brooklyn; for mail, 1360 Ogden Ave., Bronx 


52, N.Y. 

Bernhard, Richard (J’01) (BHJDS), Ch. Engr., 
Traylor Engrg. & Mfg. Co. ; for mail, 125 S. West 
St., Allentown, Pa. 

Bernhard, Richard Lowry (J’34) (BEKZ), Engr., 
Turbo Blower Dept., Ingersoll-Rand Co., Phillips- 
burg, N.J.; for mail, 77 N. 2nd St., Easton, Pa. 

Bernhardt, Charles H. (’45) (BCJ), Plant Mgr., 
Dir. of Engrg., Spar-Tan Engrg. Co., 1504 E. 
Washington Blvd., Los Angeles 21, Calif. 

Bernhardt, George Keith (J’44), 1148 Boulevard, 
West Hartford 7, Conn, 

Bernhardt, Lee Frank (J’43) (JNMBLA), Owner, 
Desens, 2707-09 S. Calhoun St., Ft. Wayne 6, 
Ind. 

Berninger, Robert D. (’32; 785) (FKS), Asst. 
Supt., Stanton Div., Scranton Elec. Co., Box 381, 
Pittston, Pa. 

Bernitt, Elmer W,. (J’33) (CMDOFS), Plant 
Engr., Nash Motors Div., Nash-Kelvinator Corp., 
6626—25th Ave., Kenosha, Wis. 

Bernstein, Herbert J. (J’37) (CLS), Project 
Engr., York Corp., 1238 N. 44th St., Philadel- 
phia 4; for mail, 2260 Bryn Mawr Ave., Phila- 
delphia 31, Pa. 

Bernstein, Ralph Henry (J’45) (HKS), 2 Crow 
Lane, Glen Cove, L.I., N.Y. 

Berntsen, Carl Bernard (J’45), Field Serv. Engr., 
Ford Instrument Co., Inc., Rawson St. & Nelson 
Ave., Long Island City 1; for mail, 435 Delafield 
Ave., Staten Island 10, N.Y. 

Berolzheimer, Henry (’18;’25; 735), Secy., 
Treas., Eagle Pencil Co., 710 EK. 14th St., New 
York, N.Y. 

Berrian, Kenneth J, (J’85), Oroll Reynolds Co., 
17 John St., New York, N.Y.; for mail, 36 Sher- 
man Pl., Jersey City, N.J. 

Berry, Bernard ©, (39) (SHFD), Sales Mgr., Al- 
len-Sherman-Hoff Co., 271 Madison Ave., New 
York 16, N. Y. 

Berry, C. Harold (’19;’21) (FKS), Prof. Mech. 
Engrg., Harvard Univ., Pierce Hall, Cambridge 
38, Mass. 

Berry, Earle William (’41) (EOSHC), Cons. 
Engr., 603 Baltimore St., Pl Paso, Tex. ; for mail, 
184 A St., Hayward, Calif. 
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Berry, Edward Harold, Jr. (J’37) (BJC), Plant 
Metallurgist, Dodge Steel Co., 6501 State Rd., 
Philadelphia 85, Pa, 

Berry, Edward John ('45) (NMJT), Partner, 
Supvr., Berry Engrg. Serv., 159 Georgia Ave., 
Providence 5; for mail, 84 Massasoit Ave., Crans- 
ton 6, R.I. 

Berry, Ethan Allen (’45) (AHOJNZ), Mer., 
Plant 8, Johnson Tool & Eng. Oo., 128 Tulsa 
Lane, Dayton 8, Ohio. 

Berry, Francis Eugene, Jr, (’42) (CKM), Div. 
Mgr., Research Inst. of Am., Inc., 826 Pk. Sq. 
Bldg., Boston 15; for mail, 11 Chapel Pl., Welles- 
ley Hills 82, Mass. 

Berry, Francis Rigdon (’26), Asst. Ch, Engr., 
Am. Water Works & Elec. Co., 50 Broad St., New 
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Lab. Engr., Chrysler Corp., Oakland Ave., Detroit 
81; for mail, 257 Colorado Ave., Detroit 3, Mich. 

Braugart, George, Jr. (’22) (EHKNS), Pres., Ch. 
Engr., Engrg. Contractors, Inc., 611 Bona Allen 
Bldg., Atlanta 3, Ga. 

Braumiller, Richard Earl (J’45) (SRCEKO), Lt. 
(j.g.), U-S.N., Ch. Engr., U.S.S. Sigsbee, DD-502, 
Naval Base, Charleston, S.0.; for mail, 2127— 
12th St., Moline, Ill. 

Braun, John Bernard (J’34) (JODM), Dist. 
Maint. Supvr., Otis Elevator Co., 2301 Locust St., 
St. Louis 3, Mo. 

Braun, John Ludwig (’40) (ODLNOCA), Engrg. 
Draftsman, Gen. Foods Corp., 250 Park Ave., 
New York, N.Y.; for mail, 263 Greenwich Ave., 
Stamford, Conn. 

Braun, Richard (J’44) 
Ave., Jamaica 2, N.Y. 


(NBJ), 148-47—88th 


Braun, Robert Herman (J’45) (AHY), 109 
Jordan Ave., San Francisco 18, Calif. 

Braun, Robert Leopold (J’43) (AMW), 905 Mel- 
rose Ave., Melrose Park, Pa. 

Brauninger, Glen Gerald (J’36) (ACMSJE), Lt., 
U.S.N.R., Assembly & Repair Dept., Naval Air 
Sta., Norfolk 11, Va. 

Braunschneider, Frederick John (J’44) (BEJ), 
Lt. (j.g.), U.S.N.R., Naval Mine Warfare Test 
Sta., Solomons, Md. 

Braverman, Joseph H, (J’38) (KHO), Mech. 
Engr., Armo Cooling & Ventilating Co., 30 W. 
15th St., New York; for mail, 867 Forest Ave., 
Staten Island 10, N.Y. 

Bravo, Carlos Luis (’41) (JLM), Ch. Engr., 
Mayaguez Sugar Co. Inc., Mayaguez, P.R. 

Bravo, David Salvador, Jr. (J’44) (AKMC), Tool 
Engr., Leslie Co., Grant Ave., Lyndhurst ; for 
mail, 427 Riverside Ave., Rutherford, N.J. 

Bravo, Oscar F. (A’29) (CDF), Administrator, 
Gen. Mgr., Mayaguez Sugar Co. Inc., P.O. Box 
569, Mayaguez, P.R. 

Bray, Charles William (’88), Retired; Exeter 
Rd., Haverford Township, Pa. 

Breaker, Ernest Robert (’25) (CRY), 1406 
Windsor Rd., Austin, Tex. 

Brecht, David Cedric (J’85) (MBAN), Mech. 
Engr., Gen. Blec. Co., 1 River Rd., Schenectady 
5; for mail, 712 Riverside Ave., Scotia 2, N.Y. 

Brecht, Winston Allen (43) (RBNCJF), Mer., 
Trans, Engrg. Dept., Westinghouse Elec. Corp., 
East Pittsburgh; for mail, 231 Cascade Rd., 
Pittsburgh 21, Pa. 

Breckenridge, Clarence Edward (’04; 16) (co 
WY), Asst. Gen. Mgr., Am, Express Co., 65 
Broadway, New York, N.Y.; for mail, 114 Mill 
St., Westwood, N.J. 

Breckenridge, Andrew Lyndon (718 ; 724; °35) 
(CDOS), Supvg. Engr., Reconstr. Finance Corp., 
58 Weybosset St., Providence 3, R.1.; for mail, 
449 Edgewood Ave., New Haven 11, Conn. 

Breckenridge, Frank (’48) (BOT), Ch. Engr., 
Home Appliance Div., Fed. Tel. & Radio Corp., 
900 Mt. Pleasant Ave., Newark 4; for mail, 358 
Churchill Rd., West Englewood, Teaneck, N.J. 

Breckenridge, Robert William (A’42) (JLM), 
Asst. Prof., Mech. Engrg. Dept., lowa State Col- 
lege, Ames, Iowa. 

Breda, Thoralf Kristian (’29; 731;735) (HBM 
NCO), Asst. Ch. Design Engr., S. Morgan Smith 
Co., Lincoln St. ; for mail, 672 Florida St., York, 


Pa. 

Bredlau, Albert Ernest, Jr. (J’42) (BCMNHS), 
Project Engr., Gen. Elec. Co., 1 River Rd.; for 
mail, 730 Union St., Schenectady, N.Y. 

Breece, Grady Lee (’45) (BHS), Ch. Mech. Engr., 
McWilliams Dredging Co., 860 St. Charles St., 
New Orleans 13; for mal, 3105 Metairie Rd., 
New Orleans 20, La. 

Breed, Everett M. (’20) (CHM), Charge Order & 
Contract Div., Sales Dept., Joshua Hendy Iron 
Works, Sunnyvale; for mail, 507 Cornell Ave., 
San Mateo, Calif. 

Breeden, George Blunt (J’48) (YLJ), Lt. (j-g.), 
U.S.N.R., Student, Postgraduate Sch., U.S. Naval 
Acad., Annapolis, Md. 

Breen, Edward M. (J’87) (OKS), Asst. Power 
Engr., Bethlehem Steel Co., Lebanon; for mail, 
80 N. 13th St., Easton, Pa. 

Breen, John Neuman (J’44), Ensign, Civil Engr. 
Corps, U.S.N.R., Pub. Works Office, 14th Naval 
Dist., Navy 128, c/o F.P.O., San Francisco, Calif. 

Breen, Patrick James (’31;’35) (JBM), Mar. 
Inspr., Stand. Oil Co. of N.J., 30 Rockefeller 
Plaza, New York, N.Y.; for mail, 1573 Glen Ave., 
Folcroft, Pa. 

Breer, Carl (’12; ’25) (CEARB), Dir. of Research, 
Chrysler Corp., 341 Massachusetts Ave., Highland 
Park; or Box 1919, Detroit 31; for mail, 15600 
Windmill Pointe Dr., Grosse Pointe 30, Mich. 

Breffeilh, George A. (J’37) (BHP), 936 Jefferson 
Pl., Shreveport, La. 

Bregler, Wilfred Andrew Campbell (J’36), 
Engr. & Expediter, Hendry Corp., Rattlesnake ; 
for mail, 3808 Lynwood Ave., Tampa, Fla. 

Bregman, Irvin 8, (J’42) (NMJYCF), Technician, 
8rd Grade, A.U.S., Spec. Engrg. Det. (assigned 
to Carbide & Carbon Chemicals Corp.), Bks. Area, 
Oak Ridge, Tenn. 

Brehm, William W. (’283; 734; 35) (ALS), 
Engrg. Draftsman, Wilson & Co., 223 S. Santa Fe 
Ave., Salina; for mail, 1704 Carey Blvd., 
Hutchinson, Kan. 

Breidenbach, Paul H. (J’34), 1st Lt., U.S.A., 
115th Ord. Co. (MM), A.P.O. 689, c/o Post- 
master, New York, N.Y.; for mail, 811 N. Main 
St., Kenton, Ohio. 

Breidenstein, Leonard William (J’32) (LSEC), 
c/o Hercules Powder Co., Box 210, Cumberland, 


Md. 
Breitenstein, Albert Frank (’19;’21) (BJM), 
Ch. Engr., Geometric Tool Co.; for mail, 10 


Alden Ave., New Haven, Conn. 

Breithaupt, John Theodore (J’42) (CDH), Jr. 
Mech. Engr., Shell Oil Co., Inc., Box 398, Eagle 
Lake, Tex. 

Breitman, Milton (J’40) (ABM), 3409 Jerome 
Ave., Bronx, N.Y. 

Bremmer, John Livingston (46) (KHC), Mech. 
Engr., Post Engrs., Camp Crowder, Mo. 

Brendlin, Herman John (’40) (DBJ), Ch. Engr., 
Hayward Co., 50 Church St., New York 7; for 
mail, 37-04 Bowne St., Flushing, N.Y. 

Brendlinger, William Brown (A’07) (SHCERK), 
Dist. Mgr., Sales, Ingersoll-Rand Co., 1600 Arch 
St., Philadelphia 3, Pa. 
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Breneman, Louis Aloysius (’27) (OSEMLN), Ch. 
Too] Engr., Minneapolis-Moline Power Implement 
Co., 29th & Minnehaha Ave., Minneapolis; for 
mail, 1787 Jefferson Ave., St. Paul 5, Minn, 

Brengel, Frederick J, (’40) (BO), 1131 Salem 
Ave., Hillside, N.J. 

Brengelman, George Dury (J’37) (OJ), Asst. 
M.M., Mills Dept., Tenn. Coal, Iron & R.R. Co., 
Ensley 8; for mail, 3081 Sterling Rd., Birming- 
ham 5, Ala. 

Brennan, James Earl (’30; 735) (BHCNML), 
Charge Design, Cincinnati Milling Mch, Co., 4701 
Marburg Ave., Cincinnati_9; for mail, 7171 Cin- 
cinnati West Union Rd., Cincinnati 80, Ohio. 

Brennan, James Ivan (11; ’17) (ACFOS), Advis. 
Engr., Pub. Works Direction, 57 University Pl., 
Athens, Greece; for mail, 1600 Villanova Rd., 
East Liberty, Pittsburgh, Pa. 

Brennan, John William (’37) (CHSLBN), Mgr., 
Hyd. Coupling Div., Am. Blower Corp., 8111 
Tireman Ave., Detroit 32, Mich. 

Brennan, M. G. (’29; 35) (CDEFMS), V.P., 
Stearns-Roger Mfg. Oo., 1720 California St., 
ape 2; for mail, 18 Crestmoor Rd., Denver 7, 

olo. 

Brennan, Wm. E. (’23;’26; 35), Inspr., Indus. 
Power, Detroit Edison Co., 2000—2nd Ave.; for 
mail, 4387 Pingree Ave., Detroit, Mich. 

Brennan, William P., Jr. (J’42), Box 483, Crystal 
City, Tex. 

Brenneke, Herman J. (J’43) (MJBDON), Asst. 
Prof. Engrg. Shop Practice, College of Engrg., 
N.Y. Univ., University Heights, New York 53, 


N.Y. 

Brenner, Fred G. (J’40) (BCL), 104 Greenspring 
Manor Apts., Baltimore 8, Md. 

Brenner, Kenneth W. (’30; 45) (LNKDBW), Sr. 
Asst. Mech. Engr., Kodak Park Works, Eastman 
Kodak Co., Rochester 4; for mail, 97 Belmeade 
Rd., Rochester 5, N.Y. 

Brentzel, Reese Jr. (J’41) (ABJMYD), Layout 
Draftsman, Landing Gear, Ft. Worth Div., 
Gonsltd. Vultee Aircraft Corp., Ft. Worth; for 
mail, 8102 Bristol Rd., Ft. Worth 7, Tex. 

Brenzinger, Julius (’15) (CKMTY), Gen. Mgr., 
Max Ams Mch. Co., Bridgeport, Conn. 

Brescka, Rudolph 8. (’26; ’36) (CJM), Engr., 
Charge Mch. Tool Procurement, West. Elec. Co., 
Inc., 100 Central Ave., Kearny, NJ. 

Breslove, Joseph (’06; 13) (SOE), Cons. Engr., 
Oliver Bldg., Pittsburgh 22, Pa. ; Leader Bldg., 
Cleveland 14; for mail, 2946 Carlton Rd., Cleve- 
land 22, Ohio. 

Breslove, Joseph, Jr. (J’37) (SABFED), Cons. 
Engr., Oliver Bldg., Pittsburgh 22, Pa. 

Brett, James Q, (J’38) (CDM), 57 Sutter St., San 
Francisco 4, Calif. 

Bretz, Frank E., Jr. (J’42) (OMR), Oh. Engr., 
Ajax-Consltd. Co., 4615 W. 20th St., Chicago 50; 
for mail, 710 S. Highland Ave., Oak Park, Ill. 

Bretzlaff, George Albert (J’41) (JMCDAF), 
Engr. Matl. Specifications, Allison Div., Gen. 
Motors Corp., Box 894, Indianapolis 6; for mail, 
6002 Broadway Ave., Indianapolis 5, Ind. 

Breunich, Paul Edward (’26; 740) (SKFG), 
Mech. Engr., Tech. Analyst, Babcock & Wilcox 
Co., 85 Liberty St., New York 6; for mail, 616 
BE. Lincoln Ave., Mt. Vernon, N.Y. 

Breunich, Theodore Roosevelt (J’41) (SBK), 
Sonntag Scientific Corp., 1 Seneca Pl., Green- 
wich ; for mail, 32 Culloden Rd., Stamford, Conn. 

Breverman, Harry (J’39) (MABJCL), 847 N. 7th 
Ave., Phoenix, Ariz. 

Brevoort, Frank LeRoy (PAL), CM) Mech. 
Engr., E. I. du Pont de Nemours & Co., Box 
993, Charleston 24; for mail, 2518-B Kanawha 
Blvd. E., Charleston 1, W. Va. 

Brevoort, Howard William (3°37) (NKHJ), De- 
sign Engr., John Robertson Co., Inc., 133 Water 
St., Brooklyn 1; for mail, 157 Carlton Terrace, 
Stewart Manor, L.I., N.Y. 

Brewer, Alexander Van (45) (EKS), Profs, 
Mech. Engrg. Dept., Agric. & Mech. College of 
Tex., College Station, Tex. 

Brewer, Allen Frank (45), Technologist, Tech. 
& Research Div., Texas Co., 135 E. 42nd St., 
New York 17, N.Y.; for mail, 314—2nd Ave., 
Avon-by-the-Sea, N.J. 

Brewer, Arthur (’06) (DJL), Asst. Works Mgr., 
Bridgeport» Brass Co., 30 Grand St.; for mail, 
100 Unquowa Hill, Bridgeport, Conn. 

Brewer, Nathaniel (’43) (ZBNLH), Ch. Engr., 
Fischer & Porter Co., Hatboro ; for mail, R.D. 2, 
Newtown, Pa. 

Brewster, Ellis W. (’23; 35) (OT), Treas., Gen. 
Mer., Plymouth Cordage Co., North Plymouth, 
Mass. 

Brewster, John Irvin (J’39) (KLEZ), Engr., 
0. F. Braun & Co., 1000 S. Fremont Ave.; for 
mail, 1189 N. Monterey St., Alhambra, Calif. 

Brewster, John Thomas (J’38), Serv. Unit Supvr. 
(Dist. Engr.), Richmond Exploration Co., Apar- 
tado 93, Maracaibo, Venezuela, S.A. 

Brewster, Wayne Maurice (J’42) (CJM), Woon- 
socket, S.D. 

Brezina, Joseph J. (J’39) (EKS), 34 Joice St., 
San Francisco, Calif. 

Brice, Norman E, (718; ’35) (MOJHKL), Box 
14, Millburn, N.J. 

Brick, Gordon S, (J’37) (ABOHNE), Aero. Engr., 
Naval Aircraft Factory, Philadelphia 12; for 
mail, 2122 Spruce St., Philadelphia 3, Pa. 

Brickman, Arthur Donald (J’42) (BJM), Lt., 
U.S.N.R., 419 Clinton Ave., Brooklyn 5, N.Y. 


BRIDGE 


Bridge, Lawrence R. (’38) (FHKNSY), Mech. 
Engr., TSEPP-10, Power Plant Lab., Wright 
Field, Dayton, Ohio. 

Bridge, Theodore Emerson (J’41) (BSCKLZ), 
Power Engr., E. I. du Pont de Nemours & Co., 
10th & Market Sts., Wilmington 98, Del. 

Bridges, Luther W. (’15) (DKS), Mech. Engr., 
Design, Constr., Power Plants, Gas Works; for 
mail, 278 Union Ave., Framingham, Mass. 

Bridges, Robert McSteen (J’41) (AHEBM), De- 
sign Engr., Lockheed Aircraft Oo., Burbank; for 
mail, 7723 Tujunga Ave., North Hollywood, 


Calif. 

Bridgman, Robert Rice (’25;’34;’85) (ERF 
ZH), Plant Engr., Sterling Eng. Oo., 1270 Ni- 
agara St., Buffalo 13; for mail, R.F.D. 4, 190 S. 
Creek Rd., Hamburg, INGY. 

Bridwell, Samuel Lee (J’ ee Ensign, U.S.N.; 
Box 18, Route 1, Pulaski, 

Brie, Emile Hardtwig Oddy (HSNB), Chief, 
Mech. & Elec. Engrg., Norfolk Dist. Office, U.S. 
Engrs., Ft. Norfolk 1; for mail, 417 Beck St., 
Norfolk, Va. 

Briggs, Chas. B., Jr, (J’41), Mech. Engr., Marley 
Co., Inc., 8001 Fairfax Rd., Kansas City 15; for 
mail, 2609 W. 69th St., Mission, Kan. 

Briggs, Fred, Jr, (J’37) (DJP), Lt., U.S.N.R., 

a0. B., Navy 181, c/o F.P.O., San’ Francisco, 


John Ogden (J’43) (BJNMHA), Design 
Kane & Roach, Inc., 100 Holland Pl., 
1049 Ackerman Ave., Syra- 


Briggs, William Cyrus, Jr. (’384; 735) (CDM), 
Supt., Social Security Gp., Fed. Works Agency, 
Pub. Bldgs. Admin., Office Bldgs. Memt., In- 
terior Bldg., Washington, D.C. ; for mail, 710 N. 
Overlook Dr., Alexandria, Va. 

Briggs, William §. (J’ 40), 516 Russell Courts, 
Gilmer Homes, Orange, Tex 

Brigham, Ward Edwin, oe (J’39) (ABK), Asst. 
Project Engr., Propeller Div., Curtiss-Wright 
Corp., Caldwell ; Rie mail, 113 Oakwood Dr., 
Packanack Lakes, N J. 

Bright, Edwin Winslow (J’42) (CMLYWT), N.Y. 
Trust Co., 100 Broadway, New York; for mail, 
125 E. 84th St., New York 28, N.Y. 

Bright, G. Frank (J’41) (BES), W305 Chester 
St., Little Rock, Ark. 

Bright, Jas. R. (J’39) (ACS), Charles T. Main 
Award, ’89; Asst. Editor, Product Engineering, 
830 W. 42nd St., New York 18, N.Y. 

Brightly, Frederick Charles, Jr. (’42) (LJ), 
V.P., Stand. Galvanizing Co., 2619 W. Van 
Buren St., Chicago 12; for mail, 734 N. Harvey 
Ave., Oak Park, III. 

Brilhart, Gladden Loats (J’44) (OKS), 707 Wal- 
nut Ave., Baltimore 29, Md. 

Brill, George M. (’91; ’96; F’36) (LRS), Mana- 
ger, ’04~07, Vice-President, ’10-’12; Retired; for 
mail, 19 Kingston Ave., Poughkeepsie, N.Y. 

Brill, Harold Allan (J’45) (CMNTD), Partner, 
Prod. Supvr., Gen. Megr., sets Corset Co., 248 
N. 11th St., Philadelphia Ns 

Brill, James’ Bayard (’41) (ZYLAWD), Owner, 
Natl. Engrg. Co., Box 1475, Indianapolis 6; for 
mail, 55 S. Linwood Ave., Indianapolis ee Ind. 

Brillhart, Samuel Edward (’23;’81), (YBLN 
JK), Supt., Mfg. Engrg., West. Elec. Co., Ine., 
2500 Broening Highway, Baltimore; for mail, 
Lineoln Ave., Lutherville, Md. 

Brindel, Harold F, (’25) (CFM), Supt., Gas & 
ere Div., Gulf Oil Corp., Box 661, Tulsa 2, 


Brindle, G. Ralph (J’35) AEEE) e/o Natural 
Gas Pipeline Co. of Am., Joliet, 

Bringhurst, G, Kendrick (AS bony (OLSDFM), 
Indus. Engr., Stone & Webster Engrg. Corp., 49 
Federal St., Boston 7; for mail, 89 Larchmont 
St., Waban 68, Mass. 

Brinig, Frank George (’37) (CSFK), Pres., Gen. 
Megr., Erie City Iron Works, 1422 East’ Ave., 


Erie, a. 

Brink, William E. (’38;’44) (CAMB), Mech. 
Ener., Austin Co., Dexter Horton Bldg.; for 
mail, 2436—29th St. W. Seattle, Wash. 

Brinkman, Charles Frederick (J’48) (CJLMOA), 
Owner, C. F. Brinkman, Cons. Engrs., 70 Linds- 
ley Ave., Newark 6, N.J 

Brinley, ©. Coapes (°37), Sales Engr., Lamson 
Corp., 211 Congress St., Boston, Mass. ; "for mail, 
1812 K St., N.W., Washington, D.C. 

Brinley, Charles ‘Edward. (13; F’45) (MCR), 

Baldwin Loco. Works, Paschall 


Chmn. of Bd., 

PiO:, Philadelphia 42, Pa. 
Brinton, Willard Cope (07; 712) (CORJM), 

Prin., Brinton Associates, 36 W. 59th St., New 
York’ LO UeINAY 
(38; 789) (CEFS), 


Briscoe, ‘Conway Brown 
Mech. Engr., Monsanto Chem, Oo., 1700 §. 2nd 
for mail, 908 Bellerive Blvd., 


St., St. Louis 4; 
(729) (BCFS). 


Calif. 

Briggs, 
Engr., 
Syracuse ; yer mail, 
euse 10, N.Y 


Engr., Detroit 
26, Mich. 
3735) (SZF), 
Leeds & Northrup Co., 
Philadelphia 44, Pa. 


St. Louis 11, Mo. 

Briscoe, Ralph 
Edison Co., 2000—2nd Ave., Detroit 

Bristol, Edward Sherman (’20; ’25 
Sec. Head, Engrg. Dept., 
4901 Stenton Ave., 


Bristol, Howard H, (’13;’25), Pres., Bristol 
Co., Waterbury, Conn. 

Bristol, Raymond Winship~ (’19;’35) (CZ), 
Exec. V.P., Radio Inventions, Inc., 155 Perry 


St., New York 14, N.Y. 

Britt, William H. (J’36) (CBDHMJ), Research 
& Devel. Engr., Columbus-McKinnon Chain Corp., 
Fremont St.; for mail, 127 Dexter St., Tona- 
wanda, N.Y. 


Brittain, John Randolph (’22) thc a 
Engr., Los Angeles Ry. Corp., 401 E. 54th S 
Los Angeles 11; for mail, 4130 Edgehill Da 
Los Angeles 48, Calif. 

Britten, Clarence Raymond (’29), Secy., Mon- 
roe Sees Mch. Co., 555 Mitchell St., 
Orange, N.J. 

Britton, William Miller (’42), Owner, Wm. M. 


Britton Co., 8610 Graham Ave., Los Angeles, 
Calif. 

Brizzolara, Ralph D. (’27;’30) (JHRSYC), 
V.P., Am. Steel Fdys., 410 N. Michigan Ave., 
Chicago Tate Job 

Brkich, Alexander (J’45) (HBSAGO), Engr., 


Pump-Designer, Ingersoll- ee tee 3 for mail, 460 
Heckman St., Phillipsburg, 

Broas, Richard Fowler (J’ oy. ‘(SJKF), Estima- 
ting Group Leader, Combustion Engrg. 0.5 
Inc., 200 Madison Ave., New York 16, N.Y.; for 
mail, 6 Welshman Court, Caldwell, N.J. 

Brobeck, William Morrison (J’81) (SKR2Z), Asst. 
Dir., Radiation Lab., Univ. of Calif.; for mail, 
2528 Warring St., Berkeley, Calif. 

Broberg, Orrin Robert (36; 44) (HCANMR), 
Mgr. & Ch. Engr., Mar. Equip. Div., Ellinwood 
Industries, 150 W. Slauson Ave., Los Angeles 3; 
for mail, 483 N. Griffith Park Dr., Burbank, 
Calif. 

Brock, Clarence A. (718; ’20;’26) (AKS), Office 
of Base QM., Army Air Base, cae Springs 
Army Air Field, Washington 20, D.O 

Brock, Edward dates aes) (SBOFNM), 4285 
Olive St., St. Louis 8 

Brock, Frank Carter trad) (AES), Point View 
Pl., Mountain Lakes, N.J. 

Brock, John Edison (J’38) (B), Ensign, U.S.N.R., 
c/o Mrs. John E. Brock, 758 S. Harrison St., 
Frankfort, Ind. 

Brock, Raymond Carl (’35) (KTSOC), Air Con- 
ditioning Control Engr., N. Am. Rayon Corp. ; 
for mail, 114 Cottage Ave., Elizabethton, Tenn. 

Brockel, William E, (J’ 30) (CKNS), Ch. Engr., 
Heat Exchanger Div., Lummus Co., 430 Lexington 
Ave., New York 17, N.Y. 3. for mail, 28—20th 


Ave., Irvington 11, NI 
Brockett, Frank Howard, Jr. (J’42) (MO), Radio 
55 Irving St., 


Technician, 2nd Class, U.S.N.; 
New Haven 11, Conn. 

Brockhouse, Jack Wentworth (J’45) (BHY), En- 
sign, U.S.N.R., PC-1229, F.P.0., San Francisco; 
for mail, 77 Birch St., Redwood City, Calif. 

Brocklebank, Arthur Pierson (712) (HSL), Ch. 
Ener., Cameron Pump Div., Ingersoll-Rand Co., 
Phillipsburg, N.J. 

Brockschmidt, Henry Frederick (J’42) (MOJY 
Ba Prod. Engr., Barber-Colman Co., Loomis 

3 for mail, 120 S. Prospect St., Rockford, Ill. 
nese Willard Waldo (J’41), 845—15th St., 
Boulder, Colo. 

Brockwell, Lloyd A. (J’41) (WMG), Design 
Engr., Kimberly-Clark Corp., Neenah; for mail, 
1508 N. Division, Appleton, Wis. 

Broden, Edwin H. (’12) (CLNMBA), R.F.D. 2, 
Dover, Del. 

Broden, Edwin Rauch (’44) (CEFMLR), Div. 
Mgr., Spec. Ord. Div., Blaw-Knox OCo., RD. 5, 


York, ‘Pa. 

Broderick, Edwin L. (’41) (KFBOZR), Applica- 
tion Engr., Airtemp Div., Chrysler Corp., 1119 
Leo St., Dayton 1; for mail, 92 Patterson Village 
Dr., Dayton 9, Ohio. 

Broderick, Robert Ernest (J’28) (WMORS), 
Secy., Treas., Northeastern Lumber Mfrs. Assn., 
271 Madison Ave., New York 16, N.Y. 

Broders, Claude Owen (J’41) (BAN), Designer, 
Pratt & Whitney Aircraft Div., United Aircraft 
Corp., 400 Main St., East Hartford 8; for mail, 
84 Tremont St., Hartford 5, Conn. 

Brodin, Eric Carl (’40) (OMN), Factory Megr., 
SKF Industries, Inec., Front St. & Erie Ave., 
Philadelphia; for mail, 209 Holmecrest Rd., 
Jenkintown, Pa. 

(MWJEF), 


Brodsky, Stanley Martin (J’44) 
738 rig td St.; for mail, 858 


Huntleigh Co., 

Union St., Schenectady, N 
35) (BDM), Engr., 
Braden Copper Co., 


Broeker, Fred’k G, C17; 
Charge Shops & Fdys., 
Rancagua, Chile, S.A. 

Broeze, J. J. (’38), Asiatic Petroleum Corp., (At- 
tention: Miss M. McDonald), 50 W. 50th St., 
New York 20, N.Y. 

Brogan, Joseph E, “(3'40), Bldg. Div., Tl. Bell 
Tel. Co., 208 W. Washington St., anes for 
mail, 30 W. Chicago, Chicago uke 

Broghamer, Edw. L. (J’88) (BES), end 4863— 
2nd Ave., Detroit, Mich. 

Brohl, Harry Tt. (26 ; ’35) (FKS), Steam Supt., 
Engrg. & Serv. Dept., Westinghouse Elec. Corp., 
40 Wall St., New York 5, Wedat ad mail, 4 Mt. 
Vernon Rd., Upper Montclair, 

Broker, William Frederick, Jr. NOP 43) (SNBA), 
1st Lt., Army Air Forces, Troop Carrier Comd. ; 
for mail, Colon, Mich. 

Brombacher, Max H. C, (’21) (CER), Box 423, 
Brevard. N.C. 

Bromberg, Robert (J’43) (KZA), Jr. Engr., Dept. 
of Mech. Engrg., Univ. of Calif.; for mail, 2632 
Channing Way, Berkeley 4, Oalif. 

Bromberger, David (J’45), Lt., Constr. Div., Office 
of Ch. Engr., USFET, A.P.O. 757, c/o Post- 
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Buyers, Archie Stanton (’12;’25) (CBD), Col., 
1202 W. 8rd St., Sterling, Ill. 

Bye, Norman Charles (’27 ; 35) (WNMDOJ), Ch. 
Engr., Henry Disston & Sons, Inc., Tacony, Phila- 
delphia 35, Pa. 

Byer, Henry Edward (719) (HJL), Vacuum 
Equip., 69 Mt. Airy Rd., Bernardsville, N.J 

Byerley, Thomas Evans (J’41) (BHS), Mech. 
Draftsman, Ga. Power Co., 75 Marietta St.; for 
mail, 1296 Oxford Rd., N.E., Atlanta, Ga. 

Byers, Harry Richard (’19;’25) (EFHKS), 
Pres., Harry R. Byers, Inc., 707 U.S. Natl. Bank 
Bldg., Denver, Colo. 

Bynum, Edwin A., Jr. (’20; ’26; ’35) (LBCSH), 
Ch. Engr., Ingleside Refinery, Humble Oil & Re- 
fining Co.; for mail, Box 512, Ingleside, Tex. 

Byrne, Harry Ellis (’44) (BHNKE), Plant Engr., 
Taylor Forge & Pipe Works, 4735 W. 14th St., 
Cicero 50; for mail, 5317 Grand Ave., Downers 
Grove, Ill 

Byrne, Hugh Joseph (’42) (OMLD), Engr. with 
Leland S. Rosener, Engrs., 12th Floor, 233 San- 
some St., San Francisco 4, Calif. 

Byrne, James Joseph (J’38) (BJNZ), Assoc. 
Mech. Engr., Ord. Research & Devel. Center; for 
mail, Civilian War Housing Dormitories, Aber- 
deen Proving Ground, Md. 

Byrne, Thomas Howard (J’44) (MJBA), Tool 
Engr., N. Am. Aviation, Inc., 5601 W. Imperial 
Blvd., Inglewood; for mail, 514 N. June St., Los 
Angeles 4, Calif. 

Byrne, William Henry (’44), Cons. Engr., 80 
Wall St., New York 5; for mail, 47-21—4I1st St., 
Long Island City, N.Y. 

Byron, James L. (’23;’35) (CJLMNY), Engr., 
Underwood Corp., 581 Capitol Ave., Hartford 6, 
Conn. 

Bystrom, John H. (J’44) (ACOMHB), Products 
Engr., Kellett Aircraft Corp., Lansdowne Ave. ; 
for mail, 37-B Stephan Court, Millbourne Gar- 
dens, Upper Darby, Pa. 

Bywater, L. Gordon (J’43) (SFCMZ), Lt. (j.g.), 
U.S.N.R., 338 N. 1 West St., Salt Lake City, 
Utah. 
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Cable, H. Edward (J’37) (CRS), Welding Engr., 
Lincoln Elec. Co., 926 Manchester Blvd., Pitts- 
burgh 12, Pa. : ; 

Cabrera y Nevraumont, Jose Maria (’44) (OLJ 
KSR), Owner, Mgr., Firm of Jose M. Cabrera, 
Engr., Cinco de Mayo 82-416, Mexico, D.F., Mex. 


qq , 


ASME. MEMBERS—ALPHABETICAL LIST 


Cadwallader, Harry, Jr. (713), Pres., Stand. Shop 
Bquip. Co., 82nd & Tinicum Ave. ; for mail, 1413 
W. Somerset St., Philadelphia, Pa. 

Cadwallader, Lewis W. (’34; 41) (SFE), Asst. 
Plant Engr., Potomac Elec. Power Co., 1st & Vv 
Sts., Washington, D.O.; for mail, 609 Gist Ave., 
Silver Spring, Md. 

Cady, Cecil I. (°22) (DLO), Cons. Engr., 101 Park 
Ave., New-York 17, N.Y. 

Cady, George Henry (’29; 735) (TSFN), Plant 
Engr., Cranston Print Works, Inc., Cranston St., 
Cranston; for mail, 73 Roslyn Ave., Providence 


SURI, 
Cady, George Leonard (J’44) (OTS), Mech. Engr., 
Design & Field Supervision, Dauray & Bardsley 


Ine., 1 Front St., Woonsocket; for mail, 73 
Roslyn Ave., Providence 8, Rts 
Cady, Harrison R. (J’16) (HFSDJK), Mech, 


Engr., Hackensack Water Co., 4100 Park Ave., 
Weehawken; for mail, 367 Maitland Ave., West 
Englewood, N.J. 

Cadzow, Murray (’21;’26) (EFHKSZ), Mech. 
Engr., Pub. Bldgs. Admin., 731 Oustom House, 
New York 4; for mail, 89-07—107th St., Rich- 
mond Hill 18, L.I., N.Y. 

Cafiero, Dominick Francis (’40;’45) (BCD), 
Naval Arch., Naval Shipyard, Philadelphia; for 
mail, 222 Bridge St., Drexel Hill, Pa. 

Cagin, Harry (J’36) (J), Tool & Die Engr., 
Superior Die Casting Co., 17325 Euclid Ave., 
Cleveland 12; for mail, 13994 Mont Ave., East 
Cleveland 18, Ohio. 

Cahill, Edward Howard (714; ’18) (NBALOC), 
24 Tenmore Rd., Haverford, Pa. 

Cahill, John E. (’18;’35), Partner, John _ E. 
Cahill Co., 342 Madison Ave., New York, N.Y. 

Cahn, Raphael David (J’44), 87-18 Rockaway 
Beach Blyd., Rockaway Beach, N.Y. 

Cain, Basil S. (35) (RBAEN), Asst. Engr., Loco. 
Div., Gen. Elec. Co., 2901 E, Lake Rd., Erie 


Bwea. 

Gain, John Neal (’42) (RSGFEOQ), Loco. Eng. 
Man, Pa. R.R., Philadelphia, Pa. ; for mail, Old 
Mill House, Kingsville, Ohio. 

Caine, J. F. K. (44) (CGIMDF), Managing Dir., 
Bennetts Laundry & Dry Cleaners, Grosvenor Rd. ; 
for mail, 20 Sandringham Dr., Wallasey, Cheshire, 
England. 

Caine, William Phillips (99; ’04;’18) (SFJ), 
Retired ; 2215 Ave. H, Birmingham 8, Ala. 

Cala, Chas. F. (J’34), Foreman, Charge Glass 
Making, Bausch & Lomb Optical Co., 635 St. Paul 
St.; for mail, 144 Hoover Rd., Rochester, Nie 

Calabretta, Peter Trent (J’45) (NMCB), Mch. 
Designer, Am. Mch. & Fdy. Co., 5502—2nd Ave., 
Brooklyn; for mail, 2111 E. 8rd St., Brooklyn 


28,’ N.Y. 

Calder, Augustus W., Jr. (32; 88). (CJM), Asst. 
Treas., New England Butt Co., 304 Pearl St., 
Providence 7; for mail, 434 Brook St., Providence 


6, R.I. 

Caldwell, Eugene (’28;’33) (OMJSEF), V.P., 
Gen. Megr., Hyster Co., 2902 N.E. Clackamas St., 
Portland 8, Ore. 

Caldwell, Eugene C. (J’41) (OWMY), Div. Mgr., 
Molded Plywood Div., Evans Products Co., 15310 
Fullerton St., Detroit 27, Mich. 

Caldwell, Harold .Warren (J’44) (BHS), It., 
Army Air Forces, Base Weather Sta., Suisan- 
Fairfield Army Air Field, Fairfield, Calif. 

Caldwell, James Ian MacLaren (45) (APY), 
Field Engr., Mech. Div., U.S. Rubber Co., 317 S. 
Detroit, Tulsa; for matl, 2617 N.W. 29th St., 
Oklahoma City_7, Okla. 

Caldwell, Wm. E. (18; ’22; ’26) (EFS), Melville 
Medallist, ’°33; Mech. Plant Engr., Consltd. Edi- 
son Co, of N.Y., Inc., 4 Irving Pl., New York, 


NYY, 

Calhoun, Joel Newton (’45) (BJM), Air Condi- 
tioning Serv. Engr., Tech. Data Dept., FR. 
Sturtevant Co., Div. of Westinghouse Elec. Corp., 
Hyde Park, Boston 36, Mass. 

Calkin, Edwin Daniel (J’33) (BM), Owner, Mgr., 
Elf Eng. Co., 206 S.W. Washington, Portland 4; 
for mail, Box 820, Route 10, Milwaukie 2, Ore. 

Calkins, George B., Jr. (J’40), Mech, Engr., 
Fuels Sec., Automotive Div., Research & Devel. 
Labs., Socony-Vacuum Oil Co., Paulsboro; for 
mail, 73 N. Evergreen Ave., Woodbury, N.J. 

Call, Leroy J. (’21) (CGMO), Mgr. Engrg., 
Carborundum Co.; for mail, 925 Maple Ave., 
Niagara Falls, N.Y. 

Callahan, Joseph G, (22; 726) Prod. Supt., 
Consltd. Edison Co. of N.Y., Inc., 4 Irving Pl., 
New York, N.Y.; for mail, 887 Belle Ave., Tea- 
neck, N.J. 

Callahan, Vincent T. (’30) Reserve Power Plant 
Engr., Bell Tel. Labs., Inc., 463 West St., New 
York, N.Y.; for mail, Lauvir Court, 143 Tenafly 
Rd., Englewood, N.J. 

Callahan, William John (734; 742) (OFS), Maj., 
Inf., U.S.A., 527th Armd, Inf, Bn., Ft. Knox, 
Ky.; for mail, 348—10I1st St., Brooklyn, N.Y. 

Callan, John (718; ’22; 735) (BSHD), Supt., Power 
Div., Tenn. Eastman Corp., Kingsport, Tenn. 

Callaway, Clarence R. (’21) (BODJN), 
Cabrini Blvd., New York 83, N.Y. 

Callouette, John Edward (J’45) (BOS), Asst. Ch. 
Power Plant Engr., Indus. Rayon Oorp., Paines- 
ville, Ohio. 

Calman, Joshua (J’45) (CJMYNT), Plant Engr., 
Protex Products Co., 44 Sherman Ave., Jersey 
City 7; for mail, 553 Devon St., Kearny, NJ. 

Calnan, Edw. J. (’30;’38) (FKS), Power Engr., 
Ont. Paper Co., Ltd., Thorold, Ont., Can, 
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Calongne, Robert Joseph (J’46), Box 268, Lake 
Charles, La. 

Calvet, Albert Marcel (J’40) (AKS), High St., 
Monroe, N.Y. 

Cambou, Ernest J. (J’40), Engrg. Dept., Gen. 
Elec. Co., 212 N. Vignes St., Los Angeles ; for 
mail, 6 Hill St., Mill Valley, Calif. 

Camby, John Joseph (J’41) (KNBFOS), Tech- 
nician, 5th Grade, Draftsman, G-3 Sec., TSFET, 
A.P.O. 757, c/o Postmaster, New Work; Now: 
eee, 743 Orchard Ave., Avalon, Pittsburgh 

bras 

Cameron, Hugh S, (’25;’43) (EFSKOM), Asst. 
Prof. Mech. Engrg., Dept. Mech, Engrg., Rice 
Inst., Houston 1, Tex. 

Cameron, John A, (’32) (OMDN), Retired; 68 
Sumner St., Hartford 5, Conn. 

Cameron, John Richardson (J’40) (SFEKCZ), 
Results Engr., E. I. du Pont de Nemours & Co., 
626 Schuyler Ave., Arlington, N.J. 

Cameron, William Charles (J’43), Avenal Div., 
Pacific Pipeline Constr. Oo., Avenal; for mail, 
119 Jackson St., Taft, Calif. 

Cammann, Oswald (’37;’43) (NSMCL), Mass. 
Inst. of Tech., 77 Massachusetts Ave., Cambridge ; 
for mail, 235 Conant Rd., Weston 93, Mass. 

Cammen, Matthew Michel (J’38) (NEB), Engr., 
Ingersoll-Rand Co., Painted Post ; for mail, 129 
Pritchard Ave., Corning, N.Y. 

Cammer, Moses (J’43) (CJMZNA), Partner, Gen. 
Engrg. Works, 260 West St., New York; for mail, 
320 BE. 58rd St., New York 22, N.Y. 

Camp, E, V. (17; ’35), Pres., E. V. Camp & Asso- 
ciates, Inc., 215 Moreland Ave., N.E., Box 62, 
Sta. E, Atlanta, Ga. 

Camp, George Dashiell (’30) (ORSWCL), Cons. 
Engr., Ejido 7-507; for mail, Apartado Postal 
1005, Mexico, D.F., Mex. 

Camp, Louis Foster, Jr. (J’36) (OCJMGB), Asst. 
Gear Engr., Camera Works, Eastman Kodak Oo., 
333 State St., Rochester 4; for mail, 106 Edge- 
wood Ave., Rochester 10, N.Y. 

Camp, Wilmer E,. (’22), Owner, Mgr., W. BE. Camp 
Co., 1219—28th St., Sacramento, Calif. 

Campana, James A. (J’41) (FJS), 801 Cowan 
Ave., Jeannette, Pa. 

Campanale, Anthony Daniel (J’44), Pvt., 128 
Charles St., Akron 4, Ohio. 

Campbell, Alan McCleave (J’41) (CDL), Mech. 
Designer, Television Div., Raytheon Mfg. Co., 
Foundry Ave., Waltham 54; for mail, 29 Hidden 
Rd., Weston, Mass. 

Campbell, Alexander B. (J’44) (BHM), 
Wellington Rd., Upper Darby, Pa. 

Campbell, Alexander L. (’21) (DKL), Cons. Chem. 
Engr., H. K. Ferguson Co., Cleveland ; for mail, 
2128 Rossmoor Rd., Cleveland Heights, Ohio. 

Campbell, Bruce W. (J’44) (BYA), Design Engr., 
Lord Mfg. Co., 1635 W. 12th St.; for mail, 163 
W. 6th St., Erie, Pa. 

Campbell, Charles Langdon (743), Asst. Ch. 
Engr., Diamond Alkali Co.; for mail, Box 563, 
Painesville, Ohio. 

Campbell, Clarence B. (729; 735) (SBNJCE), 
Mer. Engrg., Steam Div., Westinghouse Elec. 
Corp., Lester Branch P.O., Philadelphia 13; for 
mail, 8 College Ave., Swarthmore, Pa. 

Campbell, Colin Gordon (J’36) (CJDSM), Ch. 
Engr., Fahralloy Can. Ltd., 95 Barrie Rd.; for 
mail, 20 Neywash St., Orillia, Ont., Can. 

Campbell, David S, (’32; 37) (LCDKMN), Mech. 
Engr., Campbell Soup Co., 100 Market St., 
mer jor mail, 201 Elm Ave., Haddonfield, 


119 


Campbell, Donald (’14) (BHJZYG), Mem., Morri- 
son, Kennedy & Campbell, 2300 Graybar Bldg., 
420 Lexington Ave., New York 17, N.Y. 

Campbell, Donald Matthew (J’46) (ER), Lt. 
Comdr., 880 N. 22nd St., Philadelphia 30, Pa. 

Campbell, E. Clarke (J’41) (AEP), Capt., 546th 
Sqd., 384th Bomb Gp., A.P.O. 557, New York, 


N.Y. 
Campbell, Edmund Dana (’16) (RM), VP, 
Charge Engrg., Am. Oar & Fdy. Co., 30 Church 
St., New York 7, N.Y. 

Campbell, F. Glenn (J’45), Ave., 
Lowell, Mass. 

Campbell, Frank Dale (44), Cons. Engr., 8951 
Lowe Ave., Chicago 20, Ill. 

Campbell, Frank Roger (3’42), Asst. Prof. Mech. 
Engrg., Colo. Sch. of Mines ; for mail, Box 88, 
Golden, Colo. 

Campbell, George Eugene (22) (HWMBNC), Ch. 
Engr., Wheland Co., Broad St., Chattanooga 2; 
for mail, 306 Sunnyside Dr., Chattanooga 4, Tenn. 

Campbell, George Willard (J’36) (MFECK), 
Engr., with Thomas H. Urdahl, Cons. Engr., 
Washington ; for mail, 325 A St., S.E., Washing- 
ton 3, D.C. 

Campbell, Gordon (’91; 14), Box 293, York, Pa. 

Campbell, Gordon M, (’06) (BMS), Dir., Charge 
of Mfg., British Thomson-Houston Co. Ltd.; for 
mail, Bosworth Old Hall, Husbands Bosworth, 
Rugby, Warwicks, England. 

Campbell, Howard Eslie (J’40) (ACMNH), Tool 
Engr., John Deere Tractor Co.; for mail, 432 
Belmont Ave., Waterloo, Iowa. 

Campbell, Hugh Thurston (J’43), 205 Ohio St., 
Baytown, Tex. 

Campbell, James Alan (’37 ; ’43) (BNRHZ), Asst. 
Dist. Engr., Westinghouse Air Brake Co., 1101 
Matson Bldg., San Francisco 5, Calif. 
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Campbell, James H. (J’85) (BJM), Research & 
Devel. Dept., Engrg. Sec., Naval Ord. Test Sta., 
Inyokern, Calif. 

Campbell, James P, (J’40) (AE), Lt., U.S.S. 
Melville, F.P.O., New York, N.Y. for mail, 8229 
Orange Ave., Long Beach, Calif. 

Campbell, James R, (’32) (EBHJAK), Design 
Engr., Lombard Governor Corp., Ashland; for 
mail, 16 Priest Rd., Watertown 72, Mass. 

Campbell, James Samuel, Jr. (J’34) (JMNCL), 
Instr., Mech. Engrg. Dept., Rensselaer Poly. 
Inst., Troy, N.Y. 

Campbell, Jason L. (J’40), Capt., Student Of- 
ficers Sec., Class 44-4-A, Army Air Base, Hen- 
dricks Field, Fla. 

Campbell, Jesse Gordon (J’41) (AOJ), 1411 S. 
Chilton, Tyler, Tex. 

Campbell, Jesse Marcus (’29;745) (FKSZ), 
Assoc. Prof. Mech. Engrg., Mich. State College, 
East Lansing, Mich. 

Campbell, John, Jr. (J’41) (SFKHZE), Tech. 
Specialist, Babcock & Wilcox Co., 85 Liberty 
St., New York 6; for mail, 667 H. 232nd St., 
Bronx 66, N.Y. 

Campbell, John Malcolm (’45), Research Engr., 
Gen. Motors Research Div., 485 W. Milwaukee 
Ave., Detroit 2, Mich. 

Campbell, L. Barrett (’21) (NHAC), Cons. & 
Design Engr., Am. Chain & Cable Co., Inc., Con- 
necticut Ave., Bridgeport; for mail, 186 Hill- 
side Ave., Waterbury 20, Conn. 

Campbell, Lawrence George (J’45) (ANMBCH), 
Asst. Ch. Engr., Lion Match Co., 22-15—43rd 
Ave., Long Island City; for mail, 23 Wall St., 
Farmingdale, N.Y. 

Campbell, Lester (’19) (TBMC), Research Engr., 
Foster Mch. Co., S. Broad St.; for mail, 74 
Franklin St., Westfield 4, Mass. 

Campbell, Levin Hicks, Jr. (’44; H’44) (CDN 
SHM), V.P., Internat]. Harvester Co., 180 N. 
Michigan Ave., Chicago, Ill. 

Campbell, Marvin Ray (J’42), Maxton Oil & 

Oliver F. (’29;735), Combustion 


Fertilizer Co., Maxton, N.C 

Campbell, 

Engr., Sinclair Refining Oo., East Chicago, Ind. 

Campbell, Peter F, (J’41) (FJK), 433 Lawrie 
St., Perth Amboy, N.J. 

Campbell, Robert Douglas (’35) (ESRH), Maj., 
Ord. Dept., Army Serv. Forces, Officer in Charge, 
Dallas Office, St. Louis Ord. Dist. ; for mail, 4801 
Riverview St., St. Louis 20, Mo. 

Campbell, Robert James (J’43) (ABCMNO), Lt., 
U.S.N.R., Engr., Naval Air Facility, Naval Air 
Matl. Center, Bldg. 537, Naval Base Center ; 
for mail, 2324 Geary Terrace, Philadelphia 12, 


ae 
Campbell, Roger P. (J’39) (CBMFJK), Ensign, 


U.S.N.R.; for mail, 181 Commonwealth <Ave., 
Boston, Mass. 
Campbell, Thomas D, (’40), Col., University 


Club, Washington, D.O. 

Campbell, Tristram Joseph (’22; 726; 735) (CM 
OAL), Gray Gables, Odana Ave., Old Orchard 
Beach, Me. 

Campion, William Kingsley (J’44) (CHJKO), 
Lt., Corps of Royal Canadian Elec. & Mech. 
Engrs., Officer in Comd., Light Aid Det. 
(Vehicles), 1st (Hdq.) Co., Hda., Military Dist. 
1, London; for mail, 102 Queen St., St. Catha- 
rines, Ont., Can. 

Canan, William Dean (’21;’26) (EFLS), Proj- 
ect Mgr., Rust Engrg. Co., Clark Bldg., Pitts- 
burgh 22, Pa. 

Canavan, Harold Mathew (J’44) (SJHLB), 
Supvg. Inspr., Mutual Boiler Ins. Co. of Boston, 
431 Main St., Cincinnati 2; for mail, 2978 
Mapleleaf Ave., Cincinnati 13, Ohio. 

Canavan, James Edward (J’38) (OMDJ), Matis. 
Engr., Supvr. Shipbldg., U.S.N., East Howard 
St., Quincy; for mail, 65 Aberdeen Rd., Milton 
87, Mass. 

Canavan, William F, (’20) (LR), Pres., Leader 
Tron Works, Decatur, Il. 

Canby, Harry Beaver (704; 717), Retired ; 
Belmont Park N., Dayton 5, Ohio. 

Candee, Allan H. (’20;’28) (BN), Mech. Engr., 
Gleason Works, 1000 University Ave., Rochester 
3; for mail, 404 Hillside Ave,, Rochester 10, N.Y. 

Candee, Andrew Haley (’43) (RE), Trans. Engr., 
Westinghouse Elec. Corp., East Pittsburgh, Pa. 

Candee, Frank W. (’26; 35) (BEF), Asst. Prof. 
Mech. Engrg., Mech. Engrg. Dept., State College 
of Wash., Pullman, Wash. 

Candlish, Fairlie (J’39) (FJ), Flight Lt., Royal 
Can. Air Force, Royal Air Force; for mail, 102 
Kenmore Blvd., Hamilton Beach, Hamilton, Ont., 
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F, Wheeler (J’41), 


Canfield, Bailey L. (’46), Asst. Ch. Engr., C. G. 
Conn, Ltd., Elkhart, Ind. 

Cangialosi, John Camillo (3’43) (SRL), Supvr., 
Blee. Drafting Dept., Chem. Constr. Co., 
5th Ave., New York 1, N.Y.; for mail, 3460 
Hudson Blvd., Jersey City, N.J. 

Cannady, Earl Edgar (J’43) (KBA), 714—5th 
St., Monett, Mo. 

Canning, Wylie Ewart (J’45) (JYECSL), Inspe. 
Engr., St. Clair Processing Corp., Ltd., Sarnia, 


827 Casey Ave., 


3850— 


Ont., Can. 
Cannizzaro, Salvatore (J’39) (JLM), Assoc. 
Matls. Engr.. N.Y. Naval Shipyard. Brooklyn 5 


for mail. 1249—65th St.. Brooklyn 19. N.Y. 


CANNON 


Cannon, Arthur Hildreth (’39) (AFKS). Supt. 
Power, Carbide & Oarbon Chem. Corp., South 
Charleston; for mail, 834 Hawthorne Dr., 
Oharleston, W. Va. 

Cannon, C. Newton (’36;’45) (SA), Turbine 
Engrg. Div., Gen. Elec. Co., 920 Western Ave., 
West Lynn ; for mail, 6 Stedman St., Wakefield, 
Lass, 

Cannon, James P. (J’28) (CLW), 61 Ellen Dr., 
Buffalo 21, N.Y 

Cannon, John Bernard, Jr. (’41) (CNMJW), De- 
sign Engr., Stapling Mchs. Co., Rockaway, NJ. 

Cant, David Arthur (’42) (CDJ), Partner, Mid- 
Continent Transmission Co., 3012 E. 15th St., 
Tulsa 14, Okla. 

Cantley, William Irvine (’40) (RFEBNC), Re- 
tired; 433 re Rd., Grosse Pointe Farms, De- 
troit 30; Mi 

Cantrell, C. ML (J’43), Apt. 21, 2724 E. Mag- 
nolia Ave., Knoxville, Tenn. 

Cantwell, John William (J’46) (ACL), Capt., 
aainy, Air Forces; 155 S. Broad St., Trenton, 


Canty, Daniel Joseph, Jr. (J’45) (CDJ), Works 
Indus. Engr., Columbia Steel ©Oo.; for mail, 
1850 Birch St., Pittsburg, Calif 


Canvasser, Marvin A. (J’44) (AEJ), 1st Lt., 
US ae? for mail, 18231 San Juan Dr., Detroit, 
ich. 


Capa, Germi Salih (J’45), Besiktas, Capamarka, 
Istanbul, Turkey. 

Capelle, Ernest Andrew (’44) (OZL), Gen. Sales 
Mgr., Taylor Instrument Cos. of Can. Ltd., 110 
Church St., Toronto 1; for mail, 48 Princeton 
Rd., Toronto 9, Ont., Can 

Capo, Joseph James (J’ 36) (JM), Mar. Engr., 
Design Sec., N.Y. Naval Shipyard, Brooklyn; 
for mail, 1922 Greene Ave., Brooklyn 27, N.Y. 

Caporaso, Joseph Robert (én 44), 41 Hudson St., 
Dover, N.J. 

Capper, Michael Arthur (J’43) (DHSRME), 
Engr., Meakins & Sons Ltd., 125 Wellington St. 
A ; for mail, 814 Main St. E., Hamilton, Ont., 

an. 

Capps, Frank Russell (’44) (BJM), V.P., ©. I. 
Capps Co., Inc., Box 5477; for mail, 1838 
Brookwood. Rd., Jacksonville 7, Fla. 

Capps, Parker Charles (748) (CDJMNO), Pres., 
Gen. Mgr., C. I. CenPs Co., Inc., 1727 Bennett 
St., Jacksonville 6, Fla. 

Capron, John Beles (26585), (G), Pres., 
Glamorgan Pipe & Fdy. Co., Upper Basin, 
Lynchburg, Va. 

Capstack, Eugene Joseph (J’45) (NMBDCL), 
Design Engr., Joseph E. Seagram & Son. Inc., 
ith St. Rd.; for mail, 2328 Gaulbert Ave., 
Louisville 10, Ky. 

Caraco, Isaac Ralph (J’45) (CHS), Prin. Ener., 
Calif. Spapeide: Corp., Box 966, Wilmington ; for 
ter 2a We . Santa’ Barbara Ave. ., Los Angeles 

ali 


dale, L.I 

Card, Frederic M, (719), 116 Edna Ave., Bridge- 
port, Conn. 

Card, Lawrence Baker (’48) (BHJ), Mech. 
Ener., Transmission & Sta. Engrg. Dept., Pub. 


Serv. Oo. of Colo., 900—15th St., Denver 1; for 
mail, 1071 S. Emerson St., Denver 9, Colo. 

Cardwell, Franklin D, (J’ 45) (BLMTZ), Indus. 
Engr., ‘110 W. 43rd St., New York 18, N.Y.; 
for. mail, 2436 Jonquil St. New Orleans 17, La. 

Carell, Walter Sigurd (3°31) (SCEBFL), Power 
Consultant, Fabrics & Finishes Div., E. I. du 
Pont de Nemours & Co., Pa N.J.; for mail, 
72 Boyd St., Stapleton 4, S.I., N.Y. 

Carey, Paul C. (730) (0), Mem. Firm, Runyon 
& Carey, 33 Fulton St., Newark 2, N.J 

Carey, Robert Henderson (J’48) (BYW2), Re- 
search & Devel. Engr., Bakelite Corp. ; for mail, 
729 Hawthorne Ave., Bound Brook, NJ. 

Cargill, Walter N. (?12) (FS), 185 Devonshire 
ato Boston ; for mail, 7 Woodland St., Arlington, 

ass. 

Carhart, Frank ‘Milton (28) (OCSHAN), Part- 
ner, Jackson & Moreland, Park Sq. Bldg., Boston 

Cc a ens ingt 

ariss, Carington Carysfort (’11;’18) (BWSO 
YN), Ch. Engr., Waterous Ltd., Market si 3 for 
mail, 95 William St., Brantford, Ont., 

Carito, William Antonio (J’43) (ABSKH), Sea- 
man, ane Class,’ Naval Repair Base, Trans. Office, 
Blde. 255, New Orleans, La. 


Carl, Robert Arthur (J’40) (ABRZCS), Lt., 
U.S.N.R., Head, Struc. Flight Test Sec., Bur. 
of Aero., Navy Dept., Washington 25, D.C.; for 


mail, 1407 N: Kenilworth St., Arlington, Va. 

Carl, Wellington C. (43) (DMOLC), Industry 
Engr., Westinghouse Elec. Corp., East Pitts- 
burgh ; for mail, 603 Hampton Ave., Pittsburgh 

Carle, Edward J. (J’32) (CKSZDF), Secy., Carle- 
Porbling Oo., Inc., 1641 W. Broad St., Richmond 
20 ; for mail, 3309 Suffolk Rd., Richmond 22, 

a. 

Carleton, William Perkins (J’44), Test Engr., 
Ranger Aircraft Engines Div., Fairchild Eng. 
Airplane Corp., Farmingdale, LL; for mail, 208 
Bay Ave., Patchogue, ENG 

Carlin, Joseph Alexander (’32) (CHMN), Box 
186, Bala-Cynwyd, Pa. 

Carlisle, Francis L, (J’39) (BNAR), Mech. Engr. 
P5, Naval Ord. Test Sta., 1030 Green, Pasadena 
a: for mail, 5040 Stratford Rd., Los Angeles 42, 

alif, 


Certaie: Morten (’29), Merc 71 E. Hollister 
Cincinnati 19, Ohi 

Carliss, Oswald Sheldon (44) (NMZDB), Ch 
Engr., Scale Sec., Yale & Towne Mfg. Co., 4530 
Tacony St., Philadelphia 24; for mail, 724 
Charles St., Glenside, Pa. 

Carlson, Albert R, i 33), Engrg. Dept. (Metal 
Shop), Metro. Life Ins. Co., 1 Madison Ave., 
New York; for mail, Doris Ave., Northport, L.I., 


N.Y. 

Carlson, Arnold Evert (J’45) ene Ensign, 
U.S.N.R., U.S.S. Princeton, CV-37, F.P.0. New 
York, N.Y. ; for mail, 1410 Boulevard, West 
Hartford, Conn. 

Carlson, Axel F. (32) (CMT), Pres., Gen. Mgr., 
A.B.A.O. Gustafson, Kungsgatan 18, Stockholm, 
Sweden. 

Carlson, Bernard (J’38), Moline Tractor Works, 
Deere & Co., Moline, Ill. 

Carlson, Bernhard M. (J’88) (J), Indus. Engr., 
Columbia Steel Co. ; BS mail, Box 50, Route 2, 
Pittsburg, Calif. 

Carlson, Charles A. (’14; 7385) (BNJL), Mech. 
Bost: John Deere Plow Works, 18th St. & 8rd 

for mail, 2727—11th ‘Ave, O, Moline, Ill. 

Ganesan: David Ww 42) (HJM); Lt., U.S. N.R., Air 
Tech. Serv. Comd., Regional Office, 7100 Lonyo 
Ave., Detroit 32, Mich. 

Carlson, Gordon Verner (’39) (SKF), 806 S. 
Lincoln Ave., Urbana, Ill. 

Carlson, H. Maurice (J’45) (FBHZSO), Research 
Engr., Battelle Memorial Inst., 505 King Ave., 
Columbus 1, Ohio. 

Carlson, Harold C. R. (84; ’41) (NMOJBD), Ch. 
Engr., Charles Fischer Spring Co., 749 Atlantic 
Ave., Brooklyn 17, 

Carlson, Harold Ww. (en 40), Tiskilwa, Ill. 

Carlson, Harry (’21;’85) (YW), Tech. Rep., 
Pakelife Corp., 30 E. 42nd St., New York 17, 


N.Y. 

Carlson, Harry.N. (J’42) (NBJMZO), Ch. Drafts- 
man, Stand. Gage Co., Inc., 70 Parker Ave.; for 
mail, 162 N. Clinton St., Poughkeepsie, N.Y. 


Carlson, Hjalmar G. (Non-Member), A.S.M.E. 
Medallist, 21, Holley Medallist, ’21; Retired; 15 
Water St., Shrewsbury, Mass. 


Carlson, John R, (’43) (SKEFHB), Cent. Sta. 
Steam Engr., Westinghouse Elec. Corp., Lester 
Branch P.O., Philadelphia, Pa. 

Carlson, Kenneth James (J’42) (AMJR), En- 
sign, U.S.N.R., Electronics Engr., Pilotless Air- 
craft Sec., Rm. 1W68, Bur. of Aero., Navy Dept., 
Washington 25, D.C.; for mail, Box 390, Rice- 
ville, Iowa. 

Carlson, Paul Gustave (J’39) (EABJM), Mech. 
Design Engr., Gen. Elec. Co., 920 Western Ave., 
Lynn ; for mail, 42 Jefferson Rd., Wakefield, Mass. 

Carlsrud, Reidar (’27;’85) (CLM), Reid-Avery 
Co., Baltimore 22, Md. 

Carlsson, Carl Axel ‘Victor (05) (NS), Retired ; 
Lanham, Md. 

Carlsson, Ernest a Jr. ee 40) (AS), 148 Nassau 
Ave., Huntington, L.I., N.Y. 

Carlsten, Sigurd Vallentine (45) (NYHLMJ), 
Staff Engr., Firestone Tire & Rubber Oo., 1200 
Firestone Pkwy., aoe 17; for mail, 1535 Over- 
look Dr., Akron 1, 

Carlton, TR: C 18) SPHZBR), Engr., Pub. Serv. 
Piet. & Gas Co., 200 Boyden Ave., Maplewood, 


Carlzen, Carl F. (J’39) (NBMJ), Mech. Devel. 
Engr., Colonial Radio Corp., 1280 Main St., 
ey 9; for mail, 29 Macamley, Buffalo 20, 


Carman, Charles Holland, Jr. (J’41) (SLOYZE), 
Sales Engr., Elliott Co., 225 Broadway, New 
Work 4%, (Nu: 

Carman, ‘Edwin 8. (17; F’87) (OCD), President, 
721; Pres., Edwin S. Carman, Inc., 1643 Lee Rd., 
Cleveland 18, Ohio. 

Carman, Everett Perry (’45) (FEK), Fuel Engr., 
Shs of Manes U.S. Dept. of Interior, Washington 
5 

Carman, Thornton Salisbury (’44) (DLOMCZ), 
V.P., Ch. Engr., Edwin S. Carman, Inc., 1643 
Lee Rd., Cleveland 18, Ohio. 

Carmichael, Colin (730; °35; 85) (NBMEYZ), 
Assoc. Editor, Machine Design, Penton Bldg., 
Cleveland 13, Ohio. 

Carmichael, James Thomas (J’44) (NMBJ), Ch. 
Engr., Brewster Co., 50 va St.; for mail, 
927 Boulevard, Shreveport 21, 

Carmody, John Vincent (J’ 38) MCABNMIY), De- 
sign Layout Engr., Hamilton Stand. Propellers 
Diy., United Aireraft Corp., 400 S. Main St.; for 
mail, 525 Tolland St., East Hartford 8, Conn. 

Carmoega, Enrique Rafael (’27) (RECAF), 
Supt., Trans, Div., Am. R.R. Co. of Porto Rico, 
Box 2552, San Juan 11, P.R. 

Carnegie, Andrew (’21;’85) (CFS), Supt. Prod., 
Ohio Edison Co., 47 N. Main St., Akron 8, Ohio. 

Carner, Frank (J’43) (MBON), Spec. Engr., In- 
land Steel Co., Indiana Harbor; for mail, 4322 
Ivy St., East Chicago, Ind. 

Carnes, Herman W. (’29; 43) (EFLOSY), Area 
Supt., Carbide & Carbon Chemicals OCorp., Box 
P, Oak Ridge, Tenn. 

Carnes, Paul S. (’40;’48) (CEFHS), D-Z Hide 
Rd., Kidderpore, Calcutta, India. 

Carney, Henry Raymond (A’46) (CWY), Mgr., 
W. & J. Sloane, c/o N.C. Shipbldg. Co. ; for mail, 
114 Mimosa Pl., Wilmington, N.C. 

Carney, Joseph F. (’15) (ESBYZO), Supvg. Engr., 
Hotel Waldorf-Astoria Corp:, 301-09 Park Ave., 
New York 22; for mail, 1749 Grand Concourse, 
New York 53, N.Y. 


26 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


Carney, Kreigh, Jr. (J’39) (JMB), Research 
Engrg. Dept., Jones & Lamson Mch. Co. ., Spring- 
field; for mail, 47 Atkinson St., Bellows Falls, 
Vi. 


Carney, Wm. H. (28; 7383) (CDM), C.P.A., 420 
Lexington Ave., New York; for mail, 4134 Case 
St., Elmhurst, L.I., N.Y. 

Carpenter, Allan 0. (A’09), Ch. Engr., Painted 
Post Plant, Ingersoll-Rand Co., eee Post ; for 
mail, 32 B. 8rd St., Corning, N. 

Carpenter, Benjamin Sears O35), *(OMS), Plant 
Engr., Willard Storage Battery Co. of Calif, 
Boe 6850, East Los Angeles Sta., Los Angeles 22, 
Calif. 

Carpenter, Donald F, (J’40) (SKM), Mech. Engr., 
Drydock & Repair Div., Drydock Dept., Tampa 
Shipbuilding Co., Tampa; for mail, 2920 Coach- 
man Ave., Tampa 6, Fla. 

Carpenter, Edward L, (40), Asst. Prof. Mech. 
Engrg., R.I. State College, Bliss Hall, Kingston ; 
for mail, 11 Sweet Fern Lane, Peace Dale, R.I. 

Carpenter, George Dewey (719) (CSHEKZ), 
Supt., Water & Sewer Depts., City of Ithaca, 
Tioga St.; for mail, E. State St., Ithaca, N.Y. 

Carpenter, Howard Baylis (’25;’27) (WHRA), 
Engrg. Div., Sales Dept., ec Oil Co. of NJ. 
26 Broadway, New York 4, 

Carpenter, James as rai, “19980 Lake Shore 
Blvd., Cleveland 19, 

Carpenter, ee o reg 42) (ACM), 1188 Sheri- 
dan, Saginaw, Mich 

Carpenter, Miles Stahl (J’37) (SJCELM), Spot- 
welding Supvr., Buick, Oldsmobile & Pontiac 
Assembly Div., Gen. Motors Corp., Edgar Rd., 
Linden ; for mail, 624 Harrison St., Rahway, NJ. 

Carpenter, R. C. (744) (CES), Prof. Emeritus, 
Mech, Engrg., Miss. State College, State College ; 
Cons. Engr., Starkville, Miss. 

Carr, Arthur A, (J’36) (ODL), Plant Engr., 
Quaker Maid Co., Inc., 45 Washington St., Brook- 
BT? tte mail, 26 Montgomery Ave., St. George, 

Carr, Guy Rufus eo (RMFJSB), Shop Inspr., 
Norfolk & West. 3; for mail, 418 Otterview 
Ave., Roanoke 15, 

Carr, Henry Richard “(3'36) (KHSDEO), Mech. 
Engr., Reecon Engrg. Co., 615 Jackson Bldg., 
Buffalo 2; for mail, 120 Highland Ave., Buffalo 

Me 


oN 

Carr, Hugh H. (’31; 735) (BLS), c/o Distillation 
Enoducts, Ine., 758 Ridge Rd. W., Rochester, 
N.Y, 


Carr, “Hugh R. (85) (ST), Treas., Ch. Cons. 
Engr., Mech-Chem. Engrg., Inc., 1180 Raymond 
Biv, J Newark; for mail, 27 Elmora Ave., Cran- 
ford, N.J. 

Carr, John H, (J’41) (BZNJ), Mech. Engr., 
Naval Ord. Test Sta., EAT for mail, 1109 8. 
Garfield Ave., ‘Alhambra, Cali 

Carr, Laurence Hamilton (42) (JMS), Dir. 
Research, Edward Valve & Mfg. Co., Inc., 1200 
Ww. 145th St., East Chicago, Ind. 

Carr, Leonard. (J’45), 819 Leroy Ave., Cedarhurst, 
N, 


Xs 
Carr, Louis B. (J’39) (ZLY), Design Engr., In- 
strument Dept., Dow Magnesium Corp., Velasco ; 
for mail, 1418 W. 4th, Freeport, Tex. 
Carr, Robert Adams (44) (CRS), Pres., Dear- 
born Chem. Co., 310 S. Minhivan Ave., Chicago 4, 


Tl. 

Carr, Robert Edgar (J’38) (NBLHZY), Mech. 

. Engr., Designer, Bur. of Ord., Navy Dept., 1030 
E. Green, Pasadena 1; ae mail, 11114 s. Gar- 
field Ave., Alhambra, Calif 

Carr, Ronald H. ou 48) (MZC), Mech. Engr., 
Emulsol Corp., 59 E. Madison St., Chicago 3; 
for mail, 4750 Malden St., Chicago’ 40, Ill. 

Carreau, Gerald (J’43) (NMZBJG), Mech. Engr., 
Columbia Broadcasting System, Inc., 485 Madi- 
son Ave., New York; for mail, 402 Foster Ave., 
Brooklyn 30, N.Y. 

Carr-Harris, ‘Gordon Grant - Bie a. 815 
Somerset St. W., Ottawa, Ont., 

Carrick, Gerald S. (719) COR), 
Pleasantville, N.Y 

Carrier, George Francis (J’39) (BE), Brown 
Univ., Providence, R.I. 

Carrier, Willis H, (’05;’12; H’42) (KHBSZA), 
A.S.M.E. Medallist, ’34; Chmn. of Bd., Carrier 
Corp., 300 S. Geddes St., Syracuse 1, N.Y. 

Carriere, John Gerand (°39) (C), R. T. Collier 
Corp., 439 Petroleum Bldg., 714 W. Olympic, Los 
Angeles 15, Calif. 

(J’38), 


Carriere, Murray F,° 
Toronto, Ont., Can. 

Carrig, James Augustine (J’43) (OEFOMD), 
Constr. Engr., J. J. Powers Constr. Co., Kendal 
Sq., Cambridge; for mail, 215 Orchard St., 
Watertown, Mass. 

Carrigg, Thomas Francis, Jr. (J’46), 41 N. Cary 
St., Brockton 17, Mass. 

Carrington, Frank G. (42) (CDJKMN), Gen. 
Mer., Glamorgan Pipe & Fdy. Oo., Lynchburg, 
Vv 


Box 456, 


299 Evelyn Ave., 


a. 

Carroll, Charles David (J’45) (AGH), Apprentice 
Seaman, U.S. ee for mail, 124 Heather St., 
Salt Lake City 2, Utah. 

Carroll, Elbert Henry (’00) (J), Pres., Treas., 
Carroll Pressed Metal Co., 183 Dewey St., Worces- 
ter 2, Mass. 

Carroll, Elmore John (48), Designer & Engr., - 
Francisco & Jacobus, 511—5th Ave., New York; 
ee mail, 146-35—15th Ave., Whitestone, L-I., 


Carroll, Emil J. (’18) (CMS), 128 Linden aes 
Glencoe, Ill. 


a 


es 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


Carroll, Frank Theodore, Jr. (J’43) (ABMG), 
Box 8005, University Sta., Baton Rouge 3, La. 
Carroll, Harry Clarence (27) (SFKO), Head, 
Mech. Engrg. Dept., Commercial Testing & Engrg. 
Co., 307 N. Michigan. Ave., Chicago 1, Il. 
Carroll, James David (780; ’41) (SMCBAB), 
Mech. Engr., Bur. of Budget of City of Nay: 
Municipal Bldg., New York 7; for mail, 112-41— 

204th St., St. Albans 11, Hn Bs Fy 

Carrol, John Bruce, Jr. (J’40) (YGC), Sales 
Engr., J. B. Carroll Co., 319 N. Albany St., Chi- 
cago 12; for mail, 502 Washington, Oak Park, 


Tl. 

Carroll, Lafayette D. (88), Mech. Engr., Hum- 
phreys & Glasgow, Ltd., Humglas House, Carlisle 
Pl, & St. Francis St., Victoria, London, Saviarits 
England. 

Carroll, Phil, Jr. (43) (DMJ), 6 Crestwood Dr., 
Maplewood, N.J. 

Carroll, Robert P. (J’40), Pvt., U.S.A., 1417 N. 
3ist St., Omaha, Neb. 

Donald Rede (’42) (RJA), Pullman- 

Stand. Car Mfg. Co., 52 Vanderbilt Ave., New 


Nev. 
Gordon Bloom (738; ’41) (CMDTYS), 
for mail, 2839 


Carson, Harold Vernon (744) (BJS), West Ches- 


Carson, John Maurice (3°40) (OFJS), Asst. Mech. 
Engr., Arabian Am. Oil Co., 200 Bush St., San 
Francisco, Calif. ; for mail, e/o Arabian Am, Oil 
Go., via Boatmail, A.P.O. 816, ¢/o Postmaster, 


News 
Carson, Knight Ss. (3740) (AE), Ist, Lt., Tank 
Automotive Center, Detroit ; for mail, 552 Ca- 


Carson, William Harry (J’40) (FMCEHR), Sales 


Enegr., Goodman Mfg. Co., 881—2nd Ave., H 
ington 16; for mail, Box 8, Bluefield, W: Va. 
Carson, William Henry (781) (CYP), Dean, Col- 
lege of Engrg., Univ. of Okla., Norman, Okla. 
Carspecken, Henry L., Jr. (734; 743) (LNCZJH), 
Mech. Engr., Carbide & Carbon Chemicals Corp., 
427 McCorkle Ave., South Charleston 3, W.Va. 
Carstarphen, Charles Frederick (J’42), 38767 
Stearnlee Ave., Long Beach 8, Calif. 
Carswell, John Stokes (745) (DOMNH), Pres., 
Carswell Mar. Associates, Inc., 15 Park Row, New 


York 7, N.Y. ; 

Carten, Leo A. (734) (BNMJ), it. Col., Chief, 
Mch. Gun Branch, Small Arms Div., Office of Oh. 
of Ord., War Dept., Washington, D.O.; for mail, 
724 S. St. Asaph St., Alexandria, Va. 

Carter, Charles Williams (J’46) (ABL), Geo. S. 
‘Armstrong & Co., Inc., 52 Wall St., New York, 


N.Y. 

Carter, Donald C. (3°38) (ACMZ), Works Mer., 
Chefford Master Mfg. Co., Inc., W. Main St., Fair- 
ee S. (A’23), Sales Engr., Sup 
rter, Douglas 5. ales Engr., Super- 

Shae O0., 60 EB, 42nd Sti, New York; for mail, 
6 Ridgecrest E., Scarsdale, N. Y. 

Carter, Emmett B. (12) (COMDS), Am. Tron & 
Steel Inst., 350—5th Ave., New York 1, Nea 
for mail, 19 Prospect Terrace, Tenafly, N.J. 

Carter, Frederic W- (’20), 65 Bonair Ave., Water- 
bury 47 Con™ villiam (J°38) (FKLSEO), Asst 
rter, George William (J’ , Asst. 

as ht Mechs bores Univ. of Utah, Salt Lake City 
ia Ww. (923703), Counsel, Legal & 
arter, Henr, . B , Counsel, Lega 

1 Ee pioues Owens Glass. Co., Ohio Bldg., 
Toledo, Ohio. 

Carter, James Hinman (40) (CEFRS), Commr., 
Smoke Regulation, City of St. Louis; for mail, 
6054 Pershing Ave., St. Louis 12, Mo. 

Carter, Joseph Coleman (45) (KBFAHJ), Mech. 
Engr., De Laval Steam Turbine Co., Trenton 2, 
N.J.3 for mail, 330 B, 48rd St., New York 17, 


N.Y. 

Carter, Keith L. (J’40) (SZOFL), Design Engr., 
Stand. Oil Co. (Ind.), Whiting, Ind. 

Carter, Louis Ewen (741; 748) (CHS), Asst. Tech. 
Engr., Consltd. Gas, Elec. Light & Power Co. of 
Baltimore, 2016 Lexington Bldg., Baltimore 1; 
for mail, 4814 Laurel Ave., Baltimore 15, Md. 

Carter, Preston Day (45) (ODO), Maj., Ord. 
Dept., U.S.A., A.P.O. 757, ¢/o Postmaster, New 
York, N.Y.; for mail, 8741 Arcadia Ave., De- 
troit 4, Mich. 

Carter, Robert Jefferson (40) (L), Petroleum 
Engr., Stone & Webster Engrg. Corp., 49 Federal 
St., Boston ; for mail, 110 Sewall Ave., Brookline, 
Mass. 

Carter, Terry L., Jr. (744) (DLM), Matls. Hand- 
ling Engr., Am. Cyanamid & Chem. Corp., 30 
Rockefeller Plaza, New York 20, N.Y. 

Carter, Wayne Warren (J?42) (ZNFEBS), Assoc. 
Bngr., Research Dept., Elliott Co. ; for mail, 125 
N. 2nd St., Jeannette, Pa. 

Carter, ‘Wilber Albert (’20; 35) (SFHKZO), 
Tech, Engr., Power Plants, Detroit Edison Co., 
2000—2nd Ave., Detroit 26, Mich. 

Carter, William Richardson (44) (SCEJKM), 
‘Asst. Supt., Engrg. Dept., Swett & Crawford, 
Underwriting Mgrs., Pacific Indemnity Co., 621 
S. Hope St., Los Angeles 14; for mail, 1265 
Leighton Ave., Los Angeles 37, Calif. 

Cartinhour, John Wilkerson (3744), Engr., Foster 
Wheeler Corp., 165 Broadway, New York, N.Y. 

Cartwright, Kenneth (743) (ERS), 55 Brookside 
Dr., Hamden, Conn. 


Carty, Maurice Walter (’21) (DEFKLS), Sr. 
Mech. Engr., Stone & Webster Engrg. Corp., 49 
Federal St., Boston; for mail, 77 Fairway Rd., 
Brookline 67, Mass. 

Caruthers, Elmo, Jr. (J’30) (BOM), Comdr., 
Sas U.S.N.R.; 21 Aberdeen Rd., Elizabeth 3, 


Je 

Carver, Fred S. (’16;’21), Propr., Firm of Fred 
S. Carver, 345 Hudson St., New York 14, N.Y. 

Carver, Vinton DeVere (J’44) (NM), Supt., Lab. 
Services, Tenn. Eastman Corp., Y-12 Area; for 
mail, 364 Louisiana Ave., Oak Ridge, Tenn. 

Carvey, Thomas Banks, Jr. (J’43), Lt., U.S.N.R. ; 
843 Decotin St., N.W., Washington 11, D.C. 

Carvin, Frank Dana (30) (SAEKFO), Chmn., 
Mech. Engrg. Dept., Newark College of Engrg., 
367 Een St., Newark 2, N.J. 

Casamento, Joseph Robert (J’43) (NBHZAC), 
Pvt., Ist Class, U.S.M.C.R., Arch, & Mech. Drafts- 
man, Hdq. & Serv. Co., 2nd Engr. Bn., 2nd Div. 5 
for mail, 231—72nd St., North Bergen, N.J. 

Casberg, Carl Herbert ('21; ’28) (CDJLN), Prof. 
Mech. Engrg., Uniy. of Ill., Urbana, Tl. 

Case, George 8 (17) (BCJ), Chmn. of Bd., 
Lamson & Sessions Co., 1971 W. 85th St., Cleve- 


land 2, Ohio. 
J’18) (CGWTY), R.F.D. 1, Plank 


Case, Lynn B, 

Rd., Fredericksburg, Va. 

Case, Melville Cornell (J’34) (LYCOS), Plant 
Engr., Rohm & Haas Co., 730 Dale Ave.; for 
mail, 2339 Ocoee Trail, Knoxville, Tenn. 

Case, Robert Charles (’24;’35) (RWJIMYG), 
“Courtlands,” 38 Court Rd., Tunbridge Wells, 


Naval Arch., Naval Shipyard, San Francisco 24; 
for mail, Box 87, Route 1, Colma 25, Oalif. 

Casey, Aibert A, (’45) 

Plants, Oleveland Elec, Hlum. Co., 75 Pub. Sa., 
Cleveland 1, Ohio. 

Casey, Eugene (’44), The White House, Wash- 
ington, D.C. 

Casey, George Rhoads (744), Pres., Treadwell 
Engrg. Oo., Easton, Pa. 

Casey, John Edward (24; 35) (SFCKZB), Ch. 
Engr., Jersey Cent. Power & Light Co., South 
Amboy, N.J. 

Casey, John Schuyler (27; F743) (CO), Pres., 
M. H. Treadwell Co., Inc., 140 Cedar St., New 
York 6, N.Y. 

Casey, Robert Joseph (3’44), 5525 Whitby Ave., 
Philadelphia 43, Pa. 

Cash, Stuart Albert (J’45) (EMY), 821 Bergen 
‘Ave., Jersey City, N.J. 

Caskey, Kenneth Harry (J’25) (BJFLM), Ch, 
Engr., Harrisburg Steel Corp.; for mail, 2257 
Rudy Rd., Harrisburg, Pa. 

Casler, William A. (J’40) (NEOZB), Engr., Re- 
search Dept., Caterpillar Tractor Co., East 
Peoria; for mail, 7242 Euclid Ave., Chicago 


49, Ill. 

Caspell, Edwin Ernest (J’32) (CJDBM), Works 
Supt., Am. Steel & Wire Co., 238 Fairmount Ave., 
New Haven 7; for mail, 26 Pennsylvania Ave., 
East Haven 12, Conn. 

Casper, Harlan W. (J’41) (EKS), Part Owner, 
Casper Implement & Hardware Co., Olifton, Kan. 

Cass, Laurence John (J’41) (EFHKMS), Capt., 
Army Air Forces, Engrg. Officer, Ground Crew ; 
for mail, 115—77th St., North Bergen, N.J. 

Cassedy, William Fraser, Jr. (39) (CMZN), 
V.P., Charge Prod., Foote, Pierson & Co., Inc., 
75 Hudson St., Newark 4, N.J. 

Cassel, Harrison Henry (J’41) (NB), Engr., 
Roessler Mch. Oo., 5201 Magnolia St., Phila- 
delphia 44; for mail, 4505 N. 18th St., Phila- 
delphia 40, Pa. 

Cassell, Charles William (’29;’41) (CDGLOS), 
Plant Engr., Bryant Paper Co., 2030 Portage St., 
Kalamazoo 29F; for mail, 1240 Royce Ave., 
Kalamazoo 28, Mich. 

Cassidy, Francis Robert (343) (AEFBK), Engr., 
Grumman Aircraft Engrg. Corp., Bethpage; for 
mail, 63-47—212th St., Bayside, L.I., N.Y. 

Cassidy, Herbert Wesley Dwight (7388; 745) 
(ACEMN), Designer, Glenn L. Martin Co., Middle 
River, Baltimore; for mail, 40-A Westway N., 
Baltimore 21, Md. 

Cassidy, Perry R. (713; ’26) (BJS), Exec. Asst., 
Babcock & Wilcox Co., Barberton; for mail, 
Mayflower Hotel, Akron, Ohio. 

Cassidy, Thomas Frank, Jr. (729; 745) (BOM), 
Plant Mgr., Gray Mfg. Co., 16-30 Arbor St., 
Hartford 1; for mail, 31 Wells Farm Dr., 
Wethersfield, Conn. 

Cassin, William (J’40), Jr. Draftsman, Humble 
Oil & Refining Co., Ingleside; for mail, Box 27, 
South San Antonio, Tex. 

Cassola, Charles Alfred (J’43) (AWCIJD), Air- 
craft Inspr., Naval Air Matl. Center; for mail, 
500 §. 46th St., Philadelphia, Pa. 

Casson, Ernest Howard (744) (BFKOS), Cons. 
Engr., 53 W. Jackson Blvd., Chicago 4, Il. 

Casson, Kenneth Hodgson (’41) (CMNB), Supt., 
Barnes Drill Co., 814 Chestnut St.; for mail, 
1317 Ridge Ave., Rockford, Ill. 

Cassotti, Mario (’32;’44) (SKEBFH), Ventila- 
tion Design Engr., Gibbs & Cox, Inc., 21 West 
St., New York 6; for mail, 318 W. 107th St., 
New York 25, N.Y. 


27 


CERRETO 


Castagne, Americo Joseph (J’43), 2nd Lt., Army 
Air Forces, Bachelor Officers’ Quarters, 3084th 
Base Unit, Gardner Field, Taft, Calif. 

Castellano, Charles (J’41) (ABEOSY), Assoc. 
Mech, Engr., Air Tech. Serv. Comd., Wright 
Field, Dayton; for mail, 305 Oakwood Ave., 
Dayton 9, Ohio. 

Castellini, Darius Luigi (J’39) (BAEONY), Mech, 
Engr., Watson Labs., Air Tech. Serv. Comd., Red 
Bank ; for mail, 57 Belshaw Ave., Eatontown, N.J. 

Castiglione, Charles B. (J’43) (SJKHLM), 
Roots-Oonnersville Blower Oorp., Connersville, 


Ind. 

Castillo, Charles A. (J’37) (CD), Ch. Engr., 
Rochester Ropes, Inc.; for mail, 402 Macoy Ave., 
Culpeper, Va. 

Castle, Drew W, (’28;°32) (ACM), Vocational 
Dir., Joliet Township High Sch. & Jr. College, 
Joliet, Ml. 

Castle, Kendall B. (J’25), Capt., Ord. Dept., 
Army Sery. Forces, Rochester Ord. Dist., Roch- 
ester; for mail, 67 Council Rock Ave., Rochester 


10; Noy, 

Castle, S. N. (09; 711) (CSHLEB), 2425 Uni- 
versity Ave., Honolulu 5, T.H. 
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10 N. Elwood Ave., Tulsa 1, Okla. 

Coliz, James T, (J’43) (NAHWYO), Design Engr., 
Curtiss Propeller Div., Ourtiss-Wright Oorp., 
Caldwell; for mail, 100 Spruce St., Newark 3, 


NJ. 

Collar, Carl, Jr. (J’40) (HZS), Engr., Research 
& Devel. Dept., Worthington Pump & Mchy. Corp., 
Harrison; for mail, Apt. 1-0, A Bldg., S., 125 
Prospect St., East Orange, N.J. 

Collart, Kirk Street (J’42) (AJMNOY), Ut., 
Army Air Forces, 1951st Engr. Utility Co., 
A.P.O. 719, San Francisco, Calif.; for mail, 
307 Mason St., Newark, N.Y. 

Colles, George Wetmore (7955701). (DHM), 
Oper., Rosharon Waterworks, 1 Lochridge Rd., 
Rosharon, Tex. ‘ 

Colley, Chas. J. (24) (OFS), Mer., Power Div., 
Monsanto Chem. Co., 1700 S. 2nd St., St. Louis, 


Mo. 

Colley, Clay Thomas (26; 89.85) (DCOMLY), 
Engr., Link-Belt Co., 361 §. Anderson St., Los 
Angeles 33; for mail, 1846 W. 43rd St., Los 
Angeles 37, Calif. 

Colliander, Carl Torsten (J’35) (JMNAY), Re- 
search Engr., Remington Arms O©o., Inc., Ilion, 


Collier, John Howard (’44), Pres., Crane Oo., 
836 §. Michigan Ave.; for mail, 1260 N. Dear- 
born Pkwy., Chicago, Ill. 

Collier, Robert Henry (3741) (MDCW), Engr., 
Planning Dept., Internatl. Harvester Co., Lagonda 
Ave., Springfield, Ohio. 

Collier, Thomas Austin, Jr. (J’46), c/o Pitzonka, 
Box 211, Bristol, Pa. 

Collier, Wm, I. (’30), W. I. Collier & Co., 3414 
Duvall Ave., Baltimore 16, Md. 

Collignon, Mario (J’43) (CMLDZ), Sales Mgr., 
Grasas Vegetales S.A., Apartado 449; for mail, 
Ave. Union 57 Norte, Guadalajara, Jal., Mex. 

Collins, Arthur Reynolds (J’43) (ABFJKM), Ch. 
Engr., S. Wind_ Div., Stewart-Warner Corp., 
1514 Drover St., Indianapolis 7, Ind. 

Collins, Bertrand Robson Torsey 
(WS), Retired ; Chebeague Island, Me. 

Collins, Clifford Hiram (J’35) (BCEN), Asst. 
Ch. Engr., Gladden Products Corp., 635 W. Colo- 
rado Blvd., Glendale 4; for mail, 1634 W. 38th 
St., Los Angeles 37, Calif. 

Collins, David Merrill (J’44) (JLW), Radio 
Technician, 8rd Class, U.S.N.R., Co. 15, Billet 
119, Navy Pier, Chicago, I. 

Collins, Dwight Robertson (’42) (R), Supt. Air 
Brakes, Denver & Rio Grande Western Ry., 1531 
Stout, Denver 2; for mail, 3935 Chase St., Den- 
ver 14, Colo. 


(91; 701) 


COLLINS 


Collins, F. Alton (’10;’17;’35) (CMBN), Sales 
Engr., Hoover Ball & Bearing Co., 326 Hoover 
Ave.; for mail, 1705 Shadford Rd., Ann Arbor, 
Mich. 

Collins, Frank Wyatt (’21) (BDHNY), Mech. 
Engr., Pan-Am. Engrg. Co., 820 Parker St., 
Berkeley 2, Calif. 

Collins, Glenville Arthur (’38) (KO), Pres., Co- 
lumbia Engrg. Co., 321 Platt Bldg. , Portland 5, 


Ore. 

Collins, Ivor Winter, Jr. (J’41) (MONO), De- 
signer, Draftsman, Frederick Hart & Co., 837 
Main St., Poughkeepsie, N.Y. 

Collins, James Warner (J’45) (MHN), Jr. Engr., 
Guyan Mchy. Co., 751-53 Sere tton St., Logan; for 
mail, Box 155, Stollings, W Bes 

Collins, John, Jr. (CDT 23)) (LKFSO), Ch. Engr., 
Socony-Vacuum Oil Co., Ine., 400 Kingsland Ave., 
Brooklyn 22, N.Y.; for mail, 230—8th Ave., 
Paterson 4, N.J. 

Collins, John Aloysius (’24) (FKS), V.P., Mutual 
Boiler Ins. Co. of Boston, 60 Batterymarch, Bos- 
ton 10, Mass. 

Collins, Laurence Joseph (’44) (BJO), Engr., 
Gen. Elec. Co., 920 Western Ave., Lynn; for 
mail, 18 Brookhouse Dr., Marblehead, Mass. 

Collins, MM. Ri, dre “G 40) (APS), “Orane Co., 
Nashville, Tenn. 

Collins, Maurice James (J’44), Apt. 3, 1045 Wen- 
dell Ave., Schenectady, N.Y. 

Collins, Winthrop Ingersoll (’43), Dist. Sales 
Mer., Babcock & Wilcox Co., 2730 Koppers Bldg. 
Pittsburgh ; for mail, 1029 Oldgate Rd., Wilkins- 
burg, Pa. 

Collisson, Norman Harvey (’44) (CMJ), Capt., 
U.S.N.R., Office of Asst. Secy. of Navy, Rm. 
2022, Navy Dept., Washington, D.C. 

Collora, Nicholas Andrew (’33; 745) (CDFJKS), 
Engrg. Div., Commercial Solvents Corp.; for 
mail, 1028 S. Center St., Terre Haute, Ind. 

Colomb, Clifford Francis (’41) (COMDZJ), Sales 
Enegr., Truscon Steel Co., 1148 Canal Bldg., New 
Orleans 12, La. 

Colony, C. Gordon (J’41) (CDJM), 2868 Victory 
Pkwy., Cincinnati, Ohio. 

Colvitts, James Vandever (’32) (KL), Sales 
Engr., E. A. Kaestner Co., 516 N. Calvert St., 
Baltimore, Md.; for mail, Fair Brae Farm, R.D. 
3, West Chester, Pa. 

Colston, Robert (’21; ’21; ’35) (EFJ), Dist. Rep., 
Hagan Oorp., Hall Labs., Inc., & Calgon, Inc., 5 
W. Jackson Blvd., Chicago 4, Ill. 

Colvin, Charles Herbert (’16;’25; F’45) (ACM 
ZB), Engrg. & Admin. Consultant, 320 Central 
Park West, New York 25, N.Y 

Colvin, Fred Herbert (’95; 
Worcester Reed Warner Medallist, ’42; 
coln Ave., Point Pleasant, N.J. 

Colvin, James A. (’15;’25) (SKFECH), Mer., 
Power Prod. & System Opera.. No. States Power 
Co., 15 S. 5th St., Minneapolis 2, Minn. 

Colvin, Timothy E. (’30;’44) (ACHM), Pres., 
Aerco Corp., 12024 Center St., Hollydale, Calif. 

Colwell, Augustus Warren (’46) (AJL), Exper. 


99; ; F’41) (ACM), 
311 Lin- 


Engr., A. O. Smith Corp., Milwaukee; for mail, 
1207 N. 38rd St., Milwaukee 8, Wis. 
Combe, F, A. (’20), Cons. Engr., 1188 Phillips 


Pl., Montreal, Que., Can. 

Comber, William Robert (J’40) (CJM), Prod. 
Mer., Bendix-Westinghouse Air Brake Co.; for 
mail, 398 N. Olive St., Elyria, Ohio. 

Combes, C. L. (J’40) (ERS), Assoc. Editor, 
Simmons-Boardman Publ. Corp., 30 Church St., 
New York, N.Y. 

Comly, G. Norwood (’05;’07), Pres., New Eng- 
land Concrete Pipe Corp., Newton Upper Falls, 
Mass. ; for mail, Moylan-Rose Valley, Pa. 

Compton, Fred Arthur (’39) (CFORSY), Pur. 
Agt., Detroit Edison Co., 2000—2nd Ave., De- 
troit 26; for mail, 18427 Parkside Ave., Detroit 
21, Mich. 

Compton, Karl Taylor (’33), Pres., Mass, Inst. 
of Tech., Cambridge 39, Mass. 
Compton, Robert B. (’22;’29) (CDGLMW), 
Chmn., Post War Planning Com., Gaylord Con- 
tainer Corp., 111 N. 4th St., St. Louis 2, Mo. 
Compton, Wendell Cooper (J’37) (CMDL), 14382 

Lawndale Rd., Elkhart, Ind. 

Comroe, Irving Harold (’45) (JMNBCG), Prod. 
Engr., Frozen Bake Co., 1112 §S. Akard St., 
Dallas 1, Tex. 

Comstock, Charles Worthington (’08) ae 
$Z), 3527—81st St., Jackson Heights, L.I., N.Y 

Comstock, James Floyd (J’41) (BSNKGC), Lt. 


(j.g-), ULS.N.R. Oh. Bngr-.e) U.SIS: Caswell, 
BP. -O., San Francisco, Calif. ; ” for mail, Murray, 
eb 


Comstock, Louis K. (’02;F’41), 38761 Social 
Security Bldg., Washington, D.C. 

Conant, Wits 8S. (95; 704), Cons. Engr., 1402— 
31st St., N.W., Washington, D.C. 

Concordia, Charles (741) (BSAKEH), Engr., Gen. 
Elec. Co., 1 River Rd., Schenectady 5, N.Y. 
Condit, Kenneth Hamilton (’21;’28) (OM), 
Manager, ’36-39, Vice-President, ’89-’41; Dean 

of Engrg., Princeton Univ., Princeton, N.J. 
Condit, Merlyn Edwin (J’45) (OAYCLM), 534 
N. Hoover Ave., Whittier, Calif. 

Condon, John Edmund (J’45) (CSZNHB), 
U.S.N.R., 154 Oliver Rd., Newton 68, Mass. 
Congdon, Donald Edgar (’44) (TSLOCF), Plant 
Engr., Textron Mills, Inc., Main St., Manville; 
for mail, 80 New Meadow Rd., Burrington, R.I. 


Henry Lawton (J’43), Assoc, Engr., 
Punahou Campus, Dillingham 
1550 K Young St., 


Conger, 
.S. Engr. Dept., 
Hall, Honolulu; for mail, 
Honolulu 19) TH. 
Conhagen, Alfred C22a780785)i (OY), eres., 
ete Conhagen, Inc., 30 Church St., New York 


IN 
Conklin Robert M. (J’39) (CJM), Dept. 8451, 
West. Elec. Co., Inc., Haverhill; for mail, River 
Bend Farm, Lower River Rd., West Newbury, 


Mass. 
Conkling, William C. (J’40) (BHK), Engrg. 
Devel. Dept., Wallace & Tiernan Co., Ine., 


Newark; for mail, 41 Johnson Ave., Star Route, 
Caldwell, N.J. 

Conley, John W. (J’35) (CDJ), Engr., Westvaco 
Chlorine Products Corp., Newark; for mail, 
566 Everett Ave., Palo Alto, Calif. 

Conley, William Joseph (’45), Cons. Engr., 
Lincoln Elec. Co., 12818 Coit Rd., Cleveland, 


Ohio 
Gonlon! William T, (’21;’25; ’83), Dravo Corp., 
Pittsburgh, Pa; for mail, 10 N. Ridgewood Rd., 
S. Orange Ave., South Orange, NJ 
Conn, Thomas D, (’16;’19; 35) (BCNW), 
Deputy Harbor Engr., Bur. of Harbors, City of 
Baltimore, Recreation Pier, Baltimore 31; for 
mail, 3505 Lynchester Rd., Baltimore 15, Md. 
Connell, Joseph T. (J’42) (DCMJ), Asst. Engr., 
Dravo Corp., Neville Island, pits 25; for 
mail, 1080 Main St., Coraopolis, 
Connelly, John Robert CDE iva (CNMJSD), 
Capt., Ord., Quarters 8, Springfield Armory, 
Springfield; for mail, 8 Armory Sq., Springfield 


5, Mass. 

Conner, John L, (’27), Asst. Gen. Supt., Charge 
Sta. Opera., Philadelphia Elec. Co., 900 Sansom 
St., Philadelphia; for nee a Strathmore Rd., 
Brookline, Upper Darby P 

Conner, Kenneth B. (6u ea) *~(BJOECL), Ch. 
Engr., Ace Mfg. Corp., K & Erie Ave., Phila- 
delphia 24; for mail, 525 E. Leverington Ave., 
Philadelphia 28, Pa. 

Conner, Norval White (’31;’42) (BHNOAZ), 
Prof. Fluid Mechanics, N.C. State College; for 
mail, 2719 Bedford Ave., Raleigh, N.C. 

Conner, Ralph Norman (J’43) (CH), Sales Engr., 
Pelton Water Wheel Co., 2929—19th St., San 
Francisco 10, Calif. 

Connolly, Walter Leland (J’44), Engr., Grove 
Regulator Co., 2532 Ridge Rd., Berkeley 4; for 
mail, Box 586, Route 3, Santa Cruz, Calif. 

Connees George W. (’?07) (KLOSZ), Cons. Engr., 
Ave. 5 De Mayo 20, Mexico, D.F., Mex 

Connon, Jack Anthony (J’41) (BGL), 60 Berrian 
Rd., New Rochelle, N.Y. 

Connor, Gerald Aaron GF 40) (ABSMFR), De- 
sign Engr., Douglas Aircraft Co., Ine., 
Segundo, Calif. ; for mail, 5466 Plover Ave., 
St. Louis, Mo, 

Connor, Herschel W. (J’40) (AGM), Lt., 
Air Forces, Sheppard Field, Tex. 

Connor, Nicholas John (’27;’35) (SKF), Sales 
Engr., Babeock & Wilcox Co., 85 Liberty St., 
New York 6; for mail, 8 Barry Rd., Scarsdale, 


EY 

Connor, Willard Harvey (J’45) (CJMN), Staff 
Asst. Supt.’s Office, Gen. Elee. Co., 1635 Broad- 
way, Ft. Wayne 2, Ind. 

Connor, William Alexander (J’44), Serv. Engr., 
Page-Hersey Tubes, Ltd., 100 Church St., To- 
ronto; for mail, 301 Kingswood Rd., Toronto 13, 
Ont., Can. 

Connors, Robert Theodore (’46), Plant Engr., 
Jefferson Medical College & Hospital, 10th & 
Sansom Sts., Philadelphia 7; for mail, 5149 
Cedar Ave., Philadelphia 48, Pa. 

Conover, Frank H. (’26) (CMN), Mer., Procure- 
ment Dept., Dorr Co., Inc., 570 Lexington Ave., 
New York "22, N.Y. 

Deneven Te George W., Jr. (J’41), Box 55, Middle- 

us 

Conrad, Charles W. (’21) (OSCEFL), Pres., 
Conrad & Young, Inc., 33 Union St., East Wal- 
pole, Mass. 

Conrad, Edward Kimpton (J’42), Capt., Army 
Air Forces, TSBPR4M6 (E); for mail, Box 418, 
Route 8, Dayton, Ohio. 

Conrad, Joseph David (J’39) (BNSJ), Sec. Engr., 
Mech. Design Sec., Westinghouse Elec. Corp., 
Lester ; for mail, 256 E. Leamy Ave., Springfield, 


Army 


Pa. 

Conran, Fred M. (°14;’35), Designer, Builder, 
pee Mchy., 1275 Robert St., Hillside, Eliza- 
eth 


Conran, eS deriik M,., Jr. (J’41) (BM), Drafts- 
man, Conran Mch. Co., 107 Colden St., Newark ; 
for mail, 1273 Robert St., Hillside, Elizabeth, 


N.J. 

Consiglio, Jerome T. (J’41) (ASNMO), 2nd Lt., 
Trans. Corps, Army Serv. Forces, Asst. Ord. 
Officer, Trans. Corp. Sch., Army Air Base, New 
Orleans 12, La. 

Consley, Julian Morton, Jr. (’48) (CSMFKB), 
Steam Serv. Supvr., Westinghouse Elec. Corp., 
8451 E. Marginal Way, Seattle 4, Wash. 

Constable, Thomas Alfred (’45) (CEHJLO), 
Supvr. Matl. Review, McDonnell Aircraft Corp., 
Lambert Field, St. Louis, Mo. 

Constam, Alyn F, (’18; "35) (CDJ), Pres., Uni- 
versal Industries Corp., 627 Union Commerce 
Bldg.; for mail, 10837 Hathaway Ave., Cleve- 
land, Ohio. 

Constance, John Dennis Ge ’44) (LKF), Gen, 
Engrg., Air Reduction OCo., Inc., 60 E. 42nd St., 
New York 17, N.Y¥.'; for mail, 506 Olympia Ave., 
Cliffside Park’ Tani: bf 
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Constantinescu, V, (’24;’35) (CMNRZ), Propr., 
Mech. & Mar. Engr., Union Mchy. hee Shop, 
1288—8rd Ave. S&., ‘Lethbridge, Alta., 

Constantino, Constantine Stephen Ciisoy “AKN 
FBE), Sr. Test Engr., Wright Aero. Corp., 
Paterson, N.J.; for mail, 305 E. 26th St., New 
Work 510; INSY. 

Conta, Lewis D. (’36;’45) (BEJ), Asst. Prof. 
Engrg. Matls., College of Engrg., Cornell Univ., 
Ithaca, N.Y. 

Contant, Peter Marinus (’32) (LODSZF), Tech. 
Rep., Dorr Co., 570 Lexington Ave., New York 
22, N.Y.; for mail, Taj Mahal Hotel, Bombay, 


India. 
Bernard T, (’09), Delaware Trust 


Converse, 

Bldg., Wilmington, Del. 

Conway, Geo. R. G. (’13), Pres., Mex. Light & 
poreeeee: Ltd., Apartado 124 Bis., Mexico, 

Conway, John Toseen (748) (HLWO), 53 Park 
Pl., New York 7, N.Y. 

Conway, Martin John (’25) (PFJYO), Mer., 
Petroleum Div., Lukens Steel no Coatesville ; 
for mail, Hill Top Farm, Gap, Pa. 

Coogan, Charles Henry, Jr. O31; ?41) (KSBE), 
Asst. Prof. Mech. Engrg, Mock Engrg. Dept., 
Univ. of Conn., Storrs, Con: 

Nee prpem Ey OTe CP 41) (ACL), Pewee 

a 

Cook, Charen (48) (SKA), Mgr. Serv., Westing- 
house Elec. Corp., Lester; for mail, 1138 W. 
Wilton St., Philadelphia 43, Pa. 

Cook, Chas. B. (A’13); V.P., Charge Prod., 
Royal Typewriter Co., Inc., 150 New Park Ave., 
Hartford, Conn. 

Cook, Dewey Delwin (’44) (AES), Pres., Cook- 

ee ee: Sales Co., 1737 Howard St., Chicago 

Cook, Donald William (J3’42), Cpl., Det. C, Bks. 
1-348, Proving Ground Det., Aberdeen Proving 
Ground, Md. 

Cook, Earle Stanley (’25;’29) (AJYZ), Asst. 
to V.P., of Engrg., Westinghouse Air Brake Co., 
Wilmerding, Pa. 

Cook, Edgar Charles (J’44), 8558 E. 105th St., 
Cleveland 5, Ohio 

Cook, Ernest Mellor (345) - {GID 15 Alber- 
marle Rd., Waltham 54, Mas 

Cook, Eugene Bertram e 42) (NYALWB), 
Ener., Allis-Chalmers Mfg. Co., Milwaukee 1; 
for mail, 554 N. 29th St., Milwaukee 8, Wis. 

Cook, Fay Vincent (M’ 45) (EBCF), M. M., 
pianolind Pipe Line Co., Box 591, Tulsa 2, 


a. 

Cook, Fred C. (J’34) (OIL), Outfitting Supvr., 
Ingalls Shipbldg. Corp.; for mail, 1112 Buena 
Vista St., Pascagoula, Miss. 

Cook, Fred L. (37) (BCH), Asst. Ch. Engr., 
John Robertson Co., Inc., 133 Water St., Brook- 
lyn; for mail, 63 Buckingham Pl., Lynbrook, 

(SFEKD), 


eLassaNaNe 

Cook, George, Jr. (’24; 726; ’30) 

Mech. Sqd. Ch., Day & Zimmermann, Ince., 
Packard Bldg., Philadelphia 2; for mail, 189 W. 
Champlost Ave., Philadelphia 20, Pa. 

Cook, Geo. C. (23) (SFR), Burns & Roe, Inc., 
233 Broadway, New York, N.Y.; for mail, Mil- 
lington, N.J. 

Cook, Hardy M. (’23), Engr. of Tests, 

Edison Co., Inc,, 380 Pearl St.; for mail, 8950 
Colonial Rd., Brooklyn, N.Y. 

Cook, Henry Edgerton, Jr. (J’45). (NBJCMS), 
Blectronics Technician’s Mate, 2nd Class, U.S.N., 
EO DIVe, esse Cumberland Sound, AV-17, 
F.P.0., San Francisco, Calif.; for mail, 1182 
Bushwick Ave., Brooklyn 21, N.Y. 

Cook, Herbert E. (729), Gen. Supt., Engrg. Div., 
B. YP. Goodrich Co., Akron; for mail, 835 Broad 
Blvd.. Cuyahoga Falls, Ohio. 

Cook, Howard Lee (732; 741) (HB), Prin, Drain- 
age Engr., U.S. Dept. of Agric., Washington, 
ne 3 for mail, 5905 Wilson Lane, Bethesda 14, 


Cook, John Schippers (J’43) (MCDE), Lt. (j.g.), 
U.S.N., Naval Air Base 943, F.P.O., San Fran- 
cisco, ‘Calif. ; ; for mail, 1223 Cobb Ave., Kala- 
mazoo 54, Mich. 

Cook, John W. (39) (CHF), Supt., Society for 
Establishing Useful Manufactures, 2 McBride 
Ave., Paterson, N.J. ‘ 

Cook, Kenneth "Franklin (J’44) (ODS), Methods 
Ener., Stockyards, Wilson & Co.: for mail, 
541 N. W. 30th St., Oklahoma City, Okla. 

Cook, Laurie (’23;’30) (SE), 1405 Beechview 
‘Ave., Pittsburgh, Pa. 

Cook, *Marsden Alfred (J’30) (BMLW), Asst. 
Prof. Mech. Engrg., Rensselaer Poly. Inst., Troy, 


NEYs 

Cook, Raymond W. (’27), V.P., Charge Works, 
Wallace Barnes Co., 18 Main st., Bristol, Conn. 

Cook, Richard Louis (J’42) (MLN), 383 Linden 
Blvd., Brooklyn, N.Y. 

Cook, Thomas J., Jr. (J’39) (CDM), Apt. 202, 
174 Locust St., Akron, Ohio. 

Cook, Thomas Johnson (’24) (BCD), Pres., Gen. 
Megr., McKinnon Industries, Ltd., Subsidiary of 
Gen. Motors Corp., St. Catharines, Ont., : 

Cook, Thos. Russell (’11) (CDJRST), Sr. Engr., 
Coverdale & Colpitts, 120 Wall St., New York 


6, N.Y. 

Cook, William Dodd (’21;’28;’35) (ACFW), 
Sr. Adviser to Suburban Propane Gas Corp., 
Phillips Petroleum Co., Rm. 8, 19 N. Harrison 
St., East Orange, N.J. 

Cook, William Pierson, Jr, (’11; 18; ’29) (W), 
Exec. V.P., Eppinger & Russell Co., 80—8th Ave., 
New York 4, N.Y. 
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Cook, William Pierson, III (J’43) (CYD), Lt. 
(j.g.), U.S.N.R., Radar Officer, U.S.S. Vesole, 
DD-878, F.P.O., San Francisco, Oalif.; for mail, 
35 Whitehall Blvd., Garden City, N.Y. 

Cook, Willis Dyckman (’21) (E), Supt. Equip., 
Shop 8, Div. of Highways, State of Calif., 703 B 
St.; for mail, 928—8th St., Marysville, Calif. 

Cooke, Bennett W. (A’24), Pres., Motor Inst. of 
Am., 333 Park Ave., Glencoe, Ill. 

Cooke, Gerhart (’43) (CZSMFK), Mfg. Rep., 960 
Mission St., South Pasadena, Calif. 

Cooke, James Welch (’46), Field Engr., Gen. 
Steel Castings Oorp., Eddystone; for ‘mail, 
Spring-Mill & Gulph Rds., Villanova, Pa. 

Cooke, John C. (J’43) (CMS), Indus. Engr., 
Mgmt. Consultant, E. I. du Pont de Nemours & 
Co., Market St., Wilmington, Del.; for mail, 
R.F.D. 1, Elkton, Md. 

Cooke, Morris Llewellyn (’03; F’36) (CG), 
Manager, ’14~15; Oons. Engr., St. Georges Rd., 
Mt. Airy P.O., Philadelphia ; also New Hope, Pa. 

Cooke, Thomas C. (’44; 45) (KBESOF), Engr., 
Tomlinson Oo.,~Inc., 1812-24 W. Marshall St., 
Richmond, Va.; for mail, 2209 Wilson St., 
Durham, N.C. 

Cooke, W. G. (J’37), Capt., Royal Canadian 
Army; Natl. Gypsum (Can.), Ltd.; for mail, 
Dingwall, Victoria Co., N.S., Can. 

Cookingham, Sterling H. (J’36) (CMJD), Asst. 
Foreman, Tractor Works, Internat]. Harvester Co., 
2600 W. 81st Blvd., Chicago; for mail, 3841 
Woodside Ave., Hollywood, Ill. 

Cookson, Harold Wesley, Jr. (J’44) (MJNDC), 
Mgr., Cookson Co., 964 Harrison St., San Fran- 
cisco 7, Calif. 

Cooledge, Marshall M. (A’44) (RAGJCY), East. 
Sales Rep., Buckeye Steel Castings Oo., 50 Church 
St., New York 7, N.Y. 

Cooley, Martin Luther, Jr. (J’42) (ES), Box 
2002, Ancon, O.Z. 


Cooley, Sherman Junior (J’45), Heron Lake, 
Minn. 
Cooley, William Crockett (J’44) (AKBFJN), 


Ensign, U.S.N.R., Rocket Engr., Propulsion Lab., 
Enotices Aircraft Unit. Naval Air Sta., Mojave, 
alif. 

Coolidge, Donald James (J’44), House 4, N. 
Campus, Northwestern Uniy., Evanston, Ill. 

Coolidge, Richard N. (’27), Gen. Mgr., Cumber- 
land River Sand Co., 10 Fatherland St.; for 
mail, Belle Meade Blvd., Nashville, Tenn. 

Coon, Thurlow Emmett (’08; ’14) (FSKZ), Pres., 
Coon-DeVisser Co., Inc., 2051 W. Lafayette Blvd., 
Detroit 16, Mich. 

Cooney, Robert Lawrence (J’40) (DJN), Engr., 
Chase Fdy. & Mfg. Co., 2300 Parsons Ave., 
Columbus 7; for mail, 1228 Wilson Ave., Colum- 
bus 6, Ohio. 

Coonley, Howard (A’17), Pres., Walworth Co., 
60 EB. 42nd St., New York, N.Y. 

Coonradt, Arthur Chapin (’25;’35) (KSFE), 
Prof. Mech. Engrg., Chmn., Mech. Engrg. Dept., 
N.Y. Univ., 180th St. & University Ave.; for 
mail, 114 W. 188rd St., New York 53, N.Y. 

Coop, Albert Bullock (’37) (EKFS), Clerk, Ch. 
Engr., Mass. Htg. Corp., 56 Rogers St., Cam- 
bridge 42, Mass. 

Cooper, Albert Hudiburgh (’37;’40) (LKO 
YJZ), Head, Dept. Chem. Engrg., Univ. of 
Denver, Denver 10, Colo. , 

Cooper, Calvin (’42), 2938 Fairfields Ave., Baton 
Rouge, La. 

Cooper, Charles Dolman (45), Prof. Engrg. 
Drawing, Ohio State Univ., Columbus 10; for 
mail, 393 Mimring Rd., Columbus 2, Ohio. 

Cooper, Delbert John (J’45) (BHKONZ), Engr., 
Phillips Petroleum Co.; for mail, 115 8. Chicka- 
saw, Bartlesville, Okla. 

Cooper, Earl (25) (CMN), Ch. Engr., 
Chamber-Bering-Quinlan Co., 700 N. Jasper St., 
Decatur 60; for mail, W. Macon St., Decatur 82, 
I. 

Cooper, Eli George ('35; 742) (FEJKNC), Ch. 
Engr., Gen. Mgr., May Engrg. Oo., 12 Adam St. ; 
for mail, 46 Prospect St., Pittsfield, Mass. 

Cooper, Francis Howland (3’37), Lt. Col., 
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Crain, John J. (’96;’08), E. Main St., Walling- 
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Estate Agent, 231 N.E. 7th Ave., Camas, Wash, 


34 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


' Gramer, Robert, Jr. (J’31) (EBSN), Asst. Ch. 
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Creel, William Hunt (’40) (ACEKL), Office Mgr., 
a Petroleum Go., Bartlesville, Okla. 
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Jones & Laughlin Steel Corp., Aliquippa; for 
mail, 259 College Ave., Beaver, Pa. 
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Gabriel, Calif. 

Crooks, William Adam (A’44) (CJM), 6971 
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Crowell, Miss Lisbeth (J’45) (NZBM), Jr. Mech. 
Engr., Philco Products Inc., Tioga & as 
Philadelphia; for mail, 2103 Walnut St., Phila- 
delphia 3, Pa. 
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Postmaster, San Francisco, Calif. 

Crumb, Carl Brown, Jr. (J’42) (AMSOCZ), Box 
1663, Santa Fe, New Mex. 


Cryer, Charles Pickett (J’44), Lt. (j.g.), 
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Cudebec, Albert Bennett (’41) (HON), V.P., 
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Culbertson, Dan (’24;'26;’35) (RJYZSE), Gen. 
Matl. Inspr., Atchison, Topeka & Santa Fe Ry. 
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8rd Serv. Comd., U.S.A., Reception Sta. 21, 
Indiantown Gap Military Reservation, Indian- 
oa Gap; for mail, 924 Fisk St., Scranton 9, 

a. 


Cullen, William James Jr. (J’48) (AOS), 24 
Washington Park, Maplewood, N.J. 

Cullimore, Allan Reginald (’33) (CO), Pres., 
ner College of Engrg., 8367 High St., Newark 

Cullison, James Stephen (J’41) (MCDJY), Re- 
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Ave., Detroit 1, Mich, 

Cunningham, Robert Sandys (J’42) (OMOLNH), 
Steam Turbine Engr., Allis-Chalmers Mfg. Co. ; 
for mail, 4068 N. Lake Dr., Milwaukee 1, Wis. 

Cuozzo, Dante (J’45) (BJM), Mech, Engr., "Naval 
Shipyard, Boston; for mail, 110 Medford 8t., 
Charlestown 29, Mass. 

Curcio, Anthony P. (6u 88) (KHOS), 8 Hackett 
Circle W., Stamford, Conn 

Curlee, Conrad J. (J’40) (PKS), 4807 Byrd St., 
Flushing, N.Y. 


Curley, Chester Clarence, Jr. (J’41) (JNYM 
DB), Bngrg. Matl. & Equip. Inspr., U.S. Naval 
Inspe. Serv., Rm. 220, P.O, Bldg. ; for mail, 
208 Olymer ’St., Reading, Pa. i 

Curley, Matthew H. (48) (FSKEC), Mech. 
Engr., 2nd Serv. Comd, Engrs., 270 Broadway, 
New fat 7: for mail, Three Sisters Rd., St. 
James, 


Curley, win 8. J. (J’88), Lt., 8398rd Bomb Sqd., 
Westover Wield, Mises 

Curran, Henry Michael (J’42), Mech. Engr., Re- 
search & Devel. Gas Turbines, Elliott Co., 207 
Walnut Ave., Greensburg, 

Ourren, Ralph Lawrence 088) (MBO), Project 
BPngr., West. Elec. Co., Inc., 529 W. 42nd St., 
New York ; for mail, 63 Ross Ave. ., Staten Island 
Babu: 

Outer Robert I, (J’384) (MOGKLJ), 1542— 
57th St., Brooklyn 19, N.Y. 

Currie, Gardner David 148) (AME), Seaman, 
Ist Class, U.S.N.R., Unit 1, Ward 0-3, U.S. 
Naval Hospite ul, Gorona, Calif, 

Curry, Edmund Charles (J’45) (BEHS), Asst. 
Mech, Design Engr., Worthington Pump & Mchy. 
Corp.; for mail, 38 W. Fassett St., Wellsville, 
N.Y 


Curry, Ezra Benham ('24;’'85) (COAR), 1203 

Laurel Ave., St. Paul 4, Minn, 

Curry, Malcolm (’17) (TS), 

Thread Co., 260 W. Broadway, New York 13, 
ae 


N.Y. 

Curtis, Allen James (J’46) (BE), Ensign, 
U.S.N.R., U.S.S. DuPage, APA-41, F.P.0., New 
York, N.Y.; for mail, 1310 Bancroft St., Dayton 
8, Ohio. 

Curtis, Bruce Donald (J’46) (OGM), Mech, 
Engr., Allen Calculators, Ine., 678 Front Ave., 
N.W., Grand Rapids 4; for mail, 2230 Monroe 
Ave., N.W., Grand Rapids 5, Mich. 

Curtis, Edma H, (’01; 726), Maint. Engr., Nivison 
Weiskopf Oo., Main St., Reading 15; for mail, 
702 Ridgeway Ave., Cincinnati 29, Ohio. 


Gen. Engr., Am. 


Curtis, Elbert Dean (’45) (CJM), Ch. Drafta- 
man, West. Pipe & Steel ©o., 5717 Santa Fe 
Ave., Los Angeles; for mail, "8717 Santa Ana 
St., Huntington Park, Oalif. 

Curtis, Jack Warren (J’42) (ABN), Draftsman, 
Calif. Packing Corp., 101 California St., San 
Francisco; for mail, 1824 7th Ave., Oakland 6, 
Oalit. 

Curtis, Ralph Edgar (’88;’01) (SFRE), Re- 
tired; 85 School St., Danvers, Mass. 

Curtis, Robert Wade (J’41) (SONKJM), Lt. 
(j.g.), U.S.N., Aero. Engr., Box O, Naval Air 
Sta., Quonset Point, R.I.; for mail, R.F.D,. 1, 
Phalanx Station, Ohio. 

Curtis, William H. (’29) (ABJKSY), Resident 
Engr., Pacifle Coast, Thompson Products, Inc., 


2196 Clarkwood Rd., Cleveland 8, Ohio; for 
mail, 4141 Knob Hill Dr., Sherman Oaks, Calif, 

Curtiss, Charles Benjamin (’15;’28) (NDOJS), 
Engr., Valley Welding & Boiler Co., 27th & 
Water Sts.; for mail, 924 Oenter Ave., Bay 
Oity, Mich, 

Curtiss, Howard Crosby (’44) (FKSL), Mech. 
ngr., Union Iron Works, Erie, Pa. 

Curtiss, William L, (J'87) (HK), Process Engr., 
Lago Oil & Transport Oo., Aruba, N.W.I. 

Cushing, Henry J. (J’22) (OFKS), Asst. Mer., 
Commercial Relations, N.Y. Steam Corp., 130 
i. 16th St., New York 8; for mail, 884 Anna- 
dale Rd., Annadale, S.I, 12, N.Y. 

Cushing, Thomas Elwyn (’28; '80; 
RZ), Supvr. Mch. Tool Applications, 
dustries, Inc., Front St. & Erie Ave.; 
222 W. Johnson St., Philadelphia 44, Pa. 

Cushman, John Arthur, Jr, (J’42) (OTBM), 
Asst, Plant Engr., Am. Viscose Corp., Lewis- 
town, Pa, 

Cushman, Paul Allerton ('19;’24) (JOBN), 
Metallurgist & Test Engr., McGill Mfg. Oo. ; 
for mail, 808 Brown Ave., Valparaiso, Ind. 

Cuthbert, Ivan Norman (’28) han ep aia. 

ne., 

for mail, 2881 


’85) (BJIMN 
SKI In- 
for mail, 


Indus. Engr., Smith, Hinehman & Grylls, 
800 Marquette Bldg., Detroit 26; 
N. Platt Rd., Ann Arbor, Mich, 
Cutler, Arthur E, (’10) (OFS), Retired ; 


8, Attleboro, Mass. 
Cutler, James B, ('17;'24) (HSNOJB), Mech. 
& Power Co., Lexington Bldg., 


ingr., Pa. Water 
6108 Pinehurst Rd., 


Baltimore 1; for mail, 
Baltimore 12, Md. 
Qutler, Waliace Milton (’'27) (BOHMNO), 
M. Outler Associates, 58 Hamp- 
Mass. 


Owner, Wallace 
shire St,, Cambridge 89, 
(28), Plant Engr., 
2815 Washington 


R.F.D, 


Mack 


Cutten, Leverett H, 
St., 


Mfg. Oorp; for mail, 
Allentown, Pa. 


Cutter, Geo. A, (’96;’04), 161 Pleasant St., 
Lynn, Mass. 

Cygan, Roman (J’44) (KHS), Test Engr., Gen. 
Elec. Co., 6 Lawrence St., Bloomfield, NJ: for 
mail, 21 Garfield Ave., Easthampton, Mass. 

Cyphers, James F, C14 ; 721) (OM), V.P., Prod. 
Mgr., Walter Baker & Co., 1197 Washington St., 
Dorchester 24; for mail, 75 Hinckley Rd., 
Milton 87, Mas 68. 

Cyrol, Edmund Alexander (48; 745) (CDMO), 
Jr. Partner, McKinsey, Kearney & Oo., 185 8, 
La Salle St., Chicago 8, Ill. 

Czajkowski, Edward Carl (J’34), Shipfitter, 8rd 
Class, U.S.N., Constr. Bn. cas Unit 6567 
Hdq, 157 F.P.0., New York, N.Y 

Ozapek, Edmund Leon (J’43) (KBJLHS), Re- 
search Engr., Linde Air Products Co., East Park 
Dr. & Woodward Ave., Tonawanda, N.Y.; for 
mail, 96 Pine Grove Ave., Lynn, Mass. 

Czekalski, Wallace Martin (J’40) (YZTJOC), 
Engr., World Bestos Corp., 52 Courtland St., 
Paterson; for mail, 814 Madison Ave., Paterson 


4, NJ. 

Czock, Jacob H. (’41) (EBOMJ), Branch Sales 
Office Mgr., Atlas Imperial Diesel Eng. Co., 
102 New Montgomery St., San Francisco 6; 
for mail, 4697 Park Blvd., Oakland 2, Calif. 
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Daasch, Francis J. (’86;’41) (ESBJFN), Mech. 
Engr., Gulf Oil Corp., Box 661, Tulsa 2, Okla. 
Dabney, Robert Raymond (’46) (FLS), Power 
Ingr., City Pub. Serv. Bd., San Antonio 6, Tex. 
da Costa, Gerson (J’31), Gent. Stands. Office for 
Rys., Ry. Bd., ‘““N” Block, New Delhi, India. 
Dadley, James W. (’15;’22) (LKDNC), Design 
Engr., Pa. Salt Mfg. Co., 1000 Widener Bldg., 
Philadelphia ; for mail, 656 Fern St., Lansdowne, 


a. 
Dague, Arthur Demarest (J’45), Students Trng., 
VW earinahoure Elec. Corp., 8N-65, East Pittsburgh, 


a. . 

Dahl, Bernard Fred (J’42) (SMEO), Sales Engr., 
Bunting Brass & Bronze Co., 715-755 Spencer St. ; 
for mail, Box 5026, Cleveland, Ohio, 

Dahl, Norman Fritjoph (A’46), Supvr. of Installa- 
tion, George 8S. May Co., 122 E. 42nd St., New 
York ; for mail 93—T 1st St., Brooklyn, N.Y. 

Dahl, Peter Gudikson (’40) (SOFK), Asst. Ch. 
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fornia Ave., Chicago 18, Ill. 

Dahlman, Fred Albert (44) (NHMBD), Mech. 
Research Engr., Corning Glass Works; for mail, 
147 W. 5th St., Corning, N.Y. 

Dahlquist, Daniel William (J’39) (KEBWDBH), 
York Corp., 5051 Santa Fe Ave., Los Angeles; 
for mail, 1275—14th St., San Pedro, Calif. 

Dahlquist, John L, (J’ 41), 732 9. Oresent Ave., 
Park Ridge, Ill. 

Dahlstrand, Hans P. (710) (SJBMK), Cons. 
Engr., Allis. Chalmers Mfg. O©o., Milwaukee 1; 
1 mail, 7037 Maple Terrace, Wauwatosa 18, 

Vis. 

Dahlund, Ervin Lewis (’35; ’45) (ENOSR), Asst. 
Oh, Engr., Diesel Devel. & Exper. Div., Fairbanks, 
Morse & Co., Lawton Ave.; for mail, "11634 Mil: 
waukee Rd., Beloit, Wis. 

Dahms, Alfred Albert (44) (OSKHBL), Kansas 
ee Dist. si Allis-Chalmers Mfg. Co., 1410 

Waldheim Bldg., Kansas City 6, Mo. 

Daiger, George Pierce (’44) (ONMYJA), Exec. 
Engr., Hoover Co., North Canton ; for mail, 1108 
—22nd St., N.E., Canton 4, Ohio. 

Dailey, W. H., Jr. (J’34) (PL), Power & Fuel 
Engr., Irvin Works, Carnegie- U1. Steel Corp., 
Dravosburg ; for mail, R.D. 1, Ridge Rd., Library, 


Daily, James Wallace (J’37) (HBSAE), Hyd. 

paar Hyd. Research, Calif. Inst. of Tech., 1201 
California St., Pasadena 4, Calif. 

Dalby, Vernon L, (6p 40) (JKS), Capt., Engr. Sec., 
Hdq., Seine eee A.P.O. 887, c/o Postmaster, 
New York, N.Y 

Dale, David Noel (J’84) (CEAMJ), Mech. Engr., 
Mosher Steel Oo., 3910 Washington Ave., Houston, 


Tex, 

Dale, G. Earl (J’45) (MEFXP), Design Sec., 
Bldg. 89, Naval Shipyard, Boston 29, Mass. 

Dale, Paul I. (J’42) (AMNO), Ch. Draftsman, 
Stokermatic Div., Rheem ae Oo., 8425 Skedzie 
St.; for mail, 8418 Jeffery St., Chicago, Ill. 

Dale, Robert Burdette (17) (OB). Cons. Engr., 
Office 1650, J. H. Manning & Co., 120 Broadway, 
New York’ 6; for mail, 84- 21—168th Pl., Ja- 
maica 8, N.Y. 

Daleda, Jos, (J’84) (ODL), Pat. Examiner, Div. 

40, Rm. 7880, U.S. Pat. Office, Washington, D.O. 
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Dallner, Ray Wendell (J’39) ager Plant 
Engr., Cent. Soya Co., Inc., N. 2nd St.; for 
mail, 480 N. 5th St., Decatur, Ind. 

Dalrymple, Arthur Wickman (’28;‘34) (EF 
SH), Mech. Engr., Ellicott Mch. Corp., 1611 
Bush St., bike Mais for mail, 48 Barker 
Ave., White Plains 

Dalrymple, James ate (J’44) (CBMFD), Mech. 
Engr., Dominion Fdys. & Steel Ltd.; for mail, 
17 Fairholt Rd. 8., Hamilton, Ont., Can. 

Dalrymple, Philip W. (’36;’38), 56 Crescent 
Ave., Newton Centre, Mass. 

Dalrymple, Stewart Willard (J’41) (MK), Lt., 
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Dalton, Howard H. (’20) (BDFKS), Power Engr., 
ee Set Refining Co., 120 Wall St., New York 
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Daly, Edmund Joseph (’26) (BEFHKS), Pres., 
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Daly, George Francis (44), Devel. Engr., Inter- 
natl, Business Mchs. Corp.; for mail, 502 Sunset 
Terrace, Endicott, N.Y. 

Dalzell, R. Carson (’40) (OKLJS), Ch. Tech. 
Adviser, Revere Copper & Brass, Inc., Rome, N.Y. 

Dalziel, Philip Smith (J’35) *(LOMD), Project 
Engr., Giffels & Vallet, Inc., 1000 Marquette 
Bldg., Detroit 26, Mich. 
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Bavaria, A.P.O, 403, New York, N.Y. 
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Dana, Marshall Merritt (’39) (BCE), Capt., 
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Inst. of Tech., Hoboken; for mail, 11 W. 38rd 
St., Bayonne, NJ. 
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Daniel, Clarence Peck (?22) (OMDB), Pres., 
Enterprise Wheel & Car Corp., P.O. Drawer 151; 
for mail, 461 Euclid Ave., Bristol, Va. 

Daniel, Thomas Allen (J’41) (NSEJMB), Esti- 
mating Engr., Consltd. Steel Oorp. of Tex.; for 
mail, 306 Dewey Pl., Orange, Tex. 

Daniele, Edmund (740) (OMO), Comdr., U.S.N. ; 
8441—78th St., Jackson Heights, L.I., N.Y. 
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bearings, Inc., 2 Main st. Peterborough, N.H. 

Daniels, Clarence White (’16;’21) (SZJFOD), 
Plant Engr., Norton Co., 1 New Bond be 
Worcester 6; for mail, 9 Metcalf St., Worcester 
5, Mass. 

Daniels, E. Ralph (’48) (OSKFOZ), Engr., United 
Engrs. & Constructors, Inc., 1401 Arch St., 
Philadelphia, Pa. 

Daniels, Fred Harold (’18;’26) (KSF), Pres., 
Riley Stoker Corp., 9 Neponset St., Worcester ; 
for mail, 190 Salisbury St., Worcester 5, Mass. 

Daniels, Frederick Arthur (744) (NMOYWH), 
Ch. Engr., Eagle Pencil Oo., 713 E. 14th St, 
New York; for mail, 200 S. Broadway, Tarry- 


town, N.Y 
Daniels, George C, (’14;’18) (SFKD), Mech. 
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Daniels, Malcolm G. (J’89) (HKS), 746 Oak- 
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N.Y. 
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Danielson, Lloyd Clifford (J’42) (KIFSC), Ch. 
Engr., J. A. Jones Constr. Co., Inc., Box 299, 
Oak Ridge, Tenn. 

Dankenbring, Henry Dieter (J’41) (ABN), Lay- 
out Draftsman, Glenn L. Martin Co., Baltimore 
I 17 mail, 6920 Old Harford Rd., Baltimore 

Dankenbring, Siegfried F, (J’45) (BLS), Buell 
Engrg. Oo., 70 Pine St., New York; for mail, 
253 S. 9th St., Brooklyn, N.Y. 

Danker, Frederick Richard (J’45), 1257 Park 
Ave., New York, N.Y. 

Dann, Donald Albert (J’43) (NLHOBW), Design- 
ing Engr., Que. N. Shore Paper Co.; for mail, 
Box 136, Baie Comeau, Que., Can. 

Dann, Willard Jerome (’33;’41) (RSCEYL), 
Asst. to Engr. of Tests, Lab., Chicago, Burlington 
& Quiney R.R., Aurora, Il. 

Dannehower, Gilbert Lane (’48), Propr., High 
Precision Products Co., 816 Boulevard, West- 
field, N.J. 

Danneman, Fred C. (’43) (ACM), Pres., Acme- 
Danneman Co., Inc., 203 Lafayette St., New York 
12; for mail, 1669 Linden St., Brooklyn 27, INE YS 

Dannemann, Henry Frederick, Jr., (J’33) (MN 
EY), Mech. Engr., Ord. Dept., Frankford Arsenal, 
Philadelphia 37, Pa.; for mail, 406 Chicago 
Blvd., Sea Girt, N.J. 

Dannettel, Raymond Charles (’24;’35) (SFC 
BK), Asst. to Elec. Engr., Consltd. Gas, Elec. 
Light & Power Co., Baltimore 3; for mail, 5718 
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Dannettell, Harry W., Jr. (J’35) (CFS), Lt., 
QM. Corps, U.S.A., Commissary Sales Officer, 
Sheppard Field, Wichita Falls, Tex.; for mail, 
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Dans, Bernard David (’45), Design Engr., 6712— 
21st Ave., Brooklyn, N.Y. 

Danse, Robert Atherton (J’37) (LECD), Engr., 
Designs Div., Stand. Oil Co. of Calif.; for mail, 
1664 San Benito St., Richmond, Calif. 

Dansie, George Walter, Jr. (J’40) (CBOWY), 
Lt. Comdr., U.S.N.R., Bur. of Ships, Navy Dept., 
Washington, D.0.; for mail, 1285 Stratford Ave., 
Salt Lake City 5, Utah. 

Danson, John Oliver (J’45) (EFS), Engr., Com- 
monwealth Edison Co., 1111 W. Cermak Rd., 
Chicago 8; for mail, 7316 S. Aberdeen St., 
Chicago 21, Ill. 

D’Antoni, Paul Anthony (J’43) (AKS), Apt. 6, 
2460 Cedar Ave., Long Beach 6, Calif. 

Danz, Harry O. (’38), Mgr., Dust Collector Dept., 
Am. Blower Corp., 6000 Russell; for mail, 3214 
Vicksburg Ave., Detroit, Mich. 

Danziger, Max J. (J’45), United Nations Relief 
& Rehabilitation Admin.; c/o Harris Danziger, 
1460 Macombs Rd., Bronx 52, N.Y. 

D’Aquila, Salvatore P. (J’41) (MOJ), Mech. 
Engr. (Sales Trainee), Fafnir Bearing Co., Booth 
St.; for mail, 48 Shuttle Meadow Ave., New 
Britain, Conn. 

Darbee, William (’00; 12), Retired; New Pres- 
ton, Conn. 

Darby, Harry (’21;’22;’30) (CJ), Chmn. of 
Bd., Darby Corp., Ist & Walker Ave., Kansas 
City 15, Kan. 

Darby, John (’07) (ABJNY), Retired; 195 Boyden 
Ave., Maplewood, N.J. 

D’Arcey, Alfred Clemont (’34; 44) (HNMBJZ), 
Project Engr., Mar. Div., Bendix Aviation Corp., 
Norwood ; for mail, 55 Lakeshore Dr., Westwood, 


Mass. 
D’Arcy, Albert Joseph (J’36) (CLMAYJ), Gen. 
Union Carbide & Carbon 


Brooklyn, N.Y. 

D’Arcy, Francis G. (’35), Process Engr., Bridge- 
port Brass Co., 30 Grand St., Bridgeport ; for 
mail, 401 Hilltop Dr., Stratford, Conn. 


D’Arcy, James Maurice (A’44) (BOW), 482 
Pacific St., Brooklyn, N.Y. 
Darden, Clarence Marsden (’41) (RSCDFB), 


Supt. Mchy., Nashville, Chattanooga & St. Louis 
Ry., Nashville; for mail, Forrest Park Ave., Nash- 
ville 5, Tenn. 

Darke, Robert Stevens (J’39) (ZS), Sales Engr., 
Bailey Meter Co., 1050 Ivanhoe Rd., Cleveland 
a for mail, 15908 Buclid Ave., East Cleveland, 

io. 

Darling, Douglas George (J’46) (CMP), Demon- 
strator, Dept. of Mech. Engrg., Mech. Bldg., Univ. 
of Toronto; for mail, 343 Annette St., Toronto, 
Ont., Can. 

Darling, Erwin E. (’29;’35) (BDM), Shop Engr., 
Dodge Main Plant, Chrysler Corp., 7900 Jos. 
Campau Ave., Hamtramck, Detroit ; for mail, 230 
Pleasant St., Birmingham, Mich. 

Darling, Kenneth Mason (J’36) (REAS), Asst. 
to Supvr., Diesel Engines, Atchison, Topeka & 
Santa Fe Ry. Co., 1700 S. Wentworth Ave., Chi- 
Se for mail, 824 N. Stone Ave., La Grange, 
1. 


Darling, Leonard Bruce (J’44) (DZSLOK), Asst. 
Plant Engr., Distillation Products, Inc., 5 
Ridge Rd., W.; for mail, 84 West Pkwy., Roches- 
ter 18, N.Y. 

Darling, Philip E. (’41) (LSZKO), Ch. Design 
Engr., Pan-Am. Refining Corp., Box 401; for 
mail, 125—10th Ave. N., Texas City, Tex. 

Darling, William Myron, Jr. (J’41) (AB), Capt., 
Army Air Forces, Project Engr., Air Tech. Sery. 
Comd., Wright Field; for mail, 75 Patterson 
Village Dr., Dayton, Ohio. 


Darmody, William Joseph (’46) (JMZ), Lt. Col., 
Officer in Charge, Gage Lab. Div. & Inspe. Sub- 
Office, Office of Ch. of Ord. ; for mail, Quarters 3, 
Frankford Arsenal, Philadelphia 87, Pa. 

Darnell, Joseph Roy (’42) (FKS), Consultant, 
Legal Dept., Universal Oil Products Co., 310 Ss. 
Michigan, Chicago 4; for mail, 206 N. Columbia, 
Naperville, Ill. 

Darrah, William Austin (°19) (CKJEBF), Pres., 
Intercontinental Engrs., Inc., 176 W. Adams St., 
Chicago 3, Ill. 

Dart, Harry Edson (’17) (SE), Asst. Secy., Hart- 
ford Steam Boiler Inspe. & Ins. Co., 56 Prospect 
St., Hartford 2, Conn. 

Dart, Wm. ©. (A’07), Chmn. of Bd., R.I. Tool 
Co., 142 West River St., Providence 1; for mail, 
16 Stimson Ave., Providence 6, R.I. 

Darwin, Dan P. (J’40) (BCS), Design Engr., 
Westinghouse Elec. Corp., Essington; for mail, 
5 Mansion Apts., Highland & Stratford Aves., 
Lansdowne, Pa. 

Das, Peter (’26) (SLK), Testing Engr., Stand. 
Brands, Inc., Peekskill, N.Y. 

Dasaro, Nathan Anthony (J’44), 120 Grove St., 
Brooklyn 21, N.Y. 

Dashefsky, George J. (’380;’385) (EBNASR), 
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Inc., 1401 Arch St., Philadelphia 5; for mail, 
Brookside Ave., Wayne, Pa. 

Dixon, Edgar O. (’40) (JCSRBE), Ch. Metallur- 
gist & Mech. Engr., Ladish Drop Forge Co., 
Cudahy; for mail, 2323 Newberry Blvd., Mil- 
waukee 11, Wis. 

Dixon, John Edward (’42), Pres., Lima Loco. 
Works, Inc., 60 E. 42nd St., New York 17, N.Y. 

Dixon, John Kerner (J’46), Asst. Engr., Allis- 
Chalmers Mfg. Co., West Allis; for mail, 2323 E. 
Newberry Blvd., Milwaukee 11, Wis. 

Dixon, Leon Snell (’21) (OMLCDE), Route 2, 
Bangor, Me. 

Dixon, William (J’40) (AL), Engr., Singer Mfg. 
Co., Elizabethport; for mail, 1015 Central Ave., 
Plainfield, N.J. 

Dixon, William Albright (J’39), Mech. Engr., 
eee Engr. Office, 428 Federal Bldg., Milwaukee 
1, Wis. 

Dixon, Winfield Eugene (J’45), U.S. Navy; 1617 
E. 4th St., Santa Ana, Calif. 

Dmitrieff, Boris A. (’87), Asst. Engr., Mech. 
Engrg. Dept., Consltd. Edison Co. of N.Y., Inc., 
4 Irving Pl., New York 38, N.Y. 

Dmitroff, George A. (J’46), Matls. & Stands. 
Engr., Sikorsky Aircraft Div., United Aircraft 
Corp., South Ave., Bridgeport ; for mail, Meadow- 
side Rd., Milford, Conn. 

Doan, Theodore Heberton (’28) (CNMHB), Pres., 
Foote-Burt Co., 13000 St. Clair Ave., Cleveland 
8, Ohio. 

Dobbins, Robert Newton (’39; 744) (ACJN), Lt. 
Comdr., U.S.N.R., 31 S. Prospect St., Verona, 
NJ. 

Dobbs, John Francis (’43) (FJR), Ch. Chemist, 
N.Y. Air Brake Co.; for mail, 213 Stone St., 
Watertown, N.Y. 

Dobkin, Herbert (J’40) (JAMO), Matls. Engr., 
M.W. Kellogg Co., Jersey City; for mail, 5 The 
Village, Magie Ave., Elizabeth, N.J. 

Doble, William A. (’37) (ABCDMN), Cons. & Pat. 
BEngrg., 1000 Mason St., San Francisco, Calif. — 
Doble, Warren (’37) (BAKN), Dept. Mer., Aire- 

search Mfg. Oo., 9851 Sepulveda Blvd., Los An- 


geles 45; for mail, 4726 Placidia Ave., North 
Hollywood, Calif. 
Dobroiet, Miss Alexandra (J’39) (CMJZA), 


Mer. of Planning, Plant 2, Fed. Products Corp., 
Raddy St.; for mail, 33 Darrow St., Pawtucket, 
R.1. 
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Dobrow, Harry Paul (J’37) (ABCMNO), Engr., 
Chassis Engrg. Div., Willys-Overland Motors, Inc., 
Wolcott Bldg., Toledo 1, Ohio; for mail, 14908 
Sussex St., Detroit 27, Mich. 

Dobson, John (’23) (EFJKS), Ch. Engr., Power 
Plant, Am. Molasses Co., 280 Richards St., 
oy for mail, 6728 Ridge Blvd., Brooklyn 
20, N 


Dobson, John Gordon (J’39) (HKLS), Engr., 
Wallace & Tiernan Co., Inc., Box 178, Newark 
1; for mail, Box_977, Short Hills, N.J. 

Dobson, Wilson James (J’41), 258 Henry St., 
Manchester, Conn. 

Dobyne, Stevenson Adam (’15;’35) (BCMN), 
Pres., Champion Distributing Corp., 3638 Olive 
St., St. Louis 8; for mail, 8306 Jackson Ave., 
Vinita Park, St. Louis 14, Mo. 


Dockstader, Ernest Kneale (’34; 745) (CLS), 
Grasselli Chemicals Dept., E. I. du Pont de 
Nemours & Co., Philadelphia; for mail, 4027 


School Lane, Drexel Hill, Pa. 

Dockstader, John Hollis (J’41) (CMNJ), Design 
Engr., Continental Can Co., Inc., 70 Park St.; 
for mail, 1831 Grove St., Rutland, Vt. 

Dodd, George Vernon (J’45) (NMLBCJ), Jr. 
Mech. Engr., Kellogg Co., Porter St.; for mail, 
40 James St., Battle Creek, Mich. 

Dodd, John Akin (’24;’30) (SHKFEZ), Propr., 
John A. Dodd Co., 299 Techwood Dr., N.W., 
Atlanta, Ga. 

Dodd, Samuel Thompson, Jr. (A’46) (ACD), Co- 
ordinator, Work Simplification, Lockheed Aircraft 
Corp., Burbank; for mail, 2172 N. Argyle Ave., 
Los Angeles 28, Calif. 

Dodds, Robert Henry (’37) (GTNB), Mch. De- 
signer, Sonoco Products Co., Willow St., Mystic, 


Conn, 

Dodds, Robert Pierson (’37) (BSK), Squad Fore- 
man, Koppers Co., Pittsburgh; for mail, 1330 
Wood St., Wilkinsburg 21, Pa. 

Dodds, William Clarence (J’40) (AEM), Capt., 
Army Air Forces, Flying Instr., Garden City 
Army Air Field; for mail, 212 Walnut, Garden 
City, Kan. 

Doderer, Adolf W. (’38) (JFEH), Tool Engr., 
Globe Union, Inc., 900 E. Keefe Ave., Milwau- 
kee 1; for mail, 4392 N. Wilson Dr., Milwaukee 
11, Wis. 

Dodge, Cleon C, (J’37) (JCAM), Serv. Engr., 
Taylor-Winfield Corp., New York; for mail, East 
Hampton, L.I., N.Y. 

Dodge, Conant (J’37), Seaman, Ist Class, Radio 
Technician, U.S.N.; for mail, Kimberton, Pa. 
Dodge, Eldon Raymond (’44) (BHJ), Hyd. Re- 
search Engr., Fairbanks, Morse & Co.; for mail, 

727 Milwaukee Rd., Beloit, Wis. 

Dodge, Kern (’02; 712) (ADMO), Cons. 
225 S. 15th St., Phildelaphia 2, Pa. 

Dodge, Robert Mapes (J’44) (D), Dist. Engr., 
Link-Belt Co., 2045 W. Hunting Park Ave., Phil- 
adelphia 40; for mail, Plymouth Meeting, Pa. 

Dodge, Robert Thompson (J’44) (COJKBH), 
Asst. to Dist. Engr., Manhattan Dist., Corps of 
Engrs., Box E, Oak Ridge, Tenn. ; for matl, 1220 
S. St. Andrews St., Los Angeles 6, Calif. 

Dodge, William Waldo, Jr. (’45) (OTN), Secy., 
Treas., Six Associates, Inc., 15 Church St.; for 
mail, 20 Woodlink Rd., Asheville, N.C. 

Dodson, James Raymond, Jr. (J’39) (OLKAHS), 
Lt. (j.g.), U.S.N.R., Gunnery Officer, Topside, 
Aviation Patrol Bomber Sqd. 2, Advanced Trng. 
Unit 3, Box 2, Naval Air Sta., Banana River, 
Fla.; for mail, 2404 Pecan St., Texarkana, Ark. 

Dodson, Weston (’44), Engr., Wilberding Oo., 
Inc., 1822 Eye St., Washington, D.C.; for mail, 
4657 S. 34th St., Arlington, Va. 

Doering, John (J’37) (MJCD), Plant Engr., J. S. 
Thorn Co., 20th St. & Allegheny Ave., Philadel- 
phia 32, Pa. 

Doerr, Carl Frederick (J’38) (BHKNOS), Drafts- 
man, Sargent & Lundy, 140 S. Dearborn, Chicago 


Engr., 


Doerr, Norman Edwin (J’40) (SOCJFL), Asst. 
Mech. Engr., Commonwealth Edison Co., 72 W. 
Adams St., Chicago 90; for mail, 1400 N. 12th 
Ave., Melrose Park, Il. 

Doersam, Charles Henry, Jr. (J’42) (AZKMNS), 
Mech. Engr., P-4, Naval Research Lab., S.S.S., 
Washington 20, D.0.; for mail, 7 Buckingham 
Rd., Palisade, N.J. 

Doggett, Fred Fobes (J’43) (EA), 2707 Kane St., 
Highland Gardens, Chester, Pa. 

Doggett, John, Jr. (’36; 745) (CJM), Mech, 
Engr., Gray Tool Co., 6102 Harrisburg St., Hous- 
ton; for mail, 1120 Prospect St., Houston 4, Tex. 

Doherty, Arthur W. (J’41) (A), Ensign, Sad. 
11-A, Corpus Christi, Tex. 

Doherty, Robert Ernest (F’41), Pres., Carnegie 
Inst. of Tech., Schenley Park, Pittsburgh 13, 


Pa. 

Dohn, Charles Walter (J’46) (CDO), Sr. Mar. 
Draftsman, Basic Design Dept., George G. Sharp, 
Naval Arch., 30 Church St., New York; for mail, 
57-03 Catalpa Ave., Brooklyn 27, N.Y. 

Dohrenwend, Clayton Oliver (39; 744) (BIZA 
NW), Dir., Dept. of Mechanics, Ill. Inst. of Tech., 
Technology Center, Chicago 16, Ill. 

Dohrmann, Henry Charles (J’36), Ch. Engr., 
Buell Engrg. Co., Inc., 70 Pine St., New York, 
N.Y.; for mail, 101 Sherman Pl., Jersey City, 
N.J. ; 

Doig, Godfrey Davidson (273,735) (EFS), Asst. 


Engr., Ounard White Star S.S. Co., Pier 56, 
North River; for mail, 201 E. 38rd St., New 
York, N.Y. 
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Doke, Ernest George (J’37) (ROJ), 1025 Willow 
Rd., Winnetka, 111. 

Doke, Geo. E, (719; ’21) (JR), Retired; 90 Oaryl 
Ave., Yonkers 5, N.Y. 

Dolan, Charles H., II (’380) (ABOM), V.P., Gen. 
Mer., Allied Engrg. Corp., 294 Elm St., New 
Haven 11; for mail, 7 Grace St., Old Greenwich, 
Conn. 

Dolan, Roger Michael (J’37) (CMN), Mgr., Labor 
Relations, T. A. Edison, Inc., 51 Lakeside Ave. ; 
for mail, 8 Glennon Pl., West Orange, N.J. 

Dolan, Thomas James (’36; 742) (BERAJO), Re- 
search Prof., Dept. of Theoretical & Applied 
Mechanics, 217 Talbot Lab., College of Engrg., 
Univ. of Illinois, Urbana, Ill. 

Dolengo-Kozerovsky, Walter Paul (’39) (SK 
FE), Mar. Engr., War Dept., Trans. Office, Hdq., 
2nd Serv. Comd., Governors Island, New York 4; 
for mail, 159-02 Cryders Lane, Beechurst, L.I., 


Ny Ws 

Dolesh, Frank J. (J’34) (CMDL), Methods Plan- 
ning Sec., Western Elec. Co., Inc., Kearny; for 
mail, 588 Summer Ave., Newark 4, N.J. 

Dolezal, Edward (’31;’39) (ET), 507 Oreek, 
Bartlesville, Okla. 

Dolhun, Leonard Nickolas (J’45) (NYAEHC), 
Asst. Oh. Engr., Chicago Rawhide Mfg, Co., 1301 
N. Elston Ave., Chicago 22; for mail, 5304 W. 
Bloomingdale Ave., Chicago 39, Ill. 

Doll, Alfred William (’38) (BGJNZ), Head, 
Mech. Engrg. Dept., Pratt Inst., 215 Ryerson St., 
Brooklyn 5, N.Y. 

Dollar, Wm. M. (°96; 03), Retired; Pound Rd., 
Springbrook, N.Y. 

Dolle, August R. C. (’45) (FHS), Plant Better- 
ment Engr., Ebasco Services, Inc., 2 Rector 
St., New York, N.Y. 

Dolve, Robert M. (’30) (MKS), Dean of Engrg., 
Sch. of Engrg., N. D. Agric. College; for mail, 
1135—5th St. N., Fargo, N.D. 

Dominguez, Arthur Robert (J’41)_ (DKNO), 
Engr., Suchar Engrg. & Sales Co., 82 Beaver St., 
New York 5; for mail, 208 W. 28rd St., New 
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Dominguez, Carlos E, (J’34) (KLS), Capt., Army 


Serv. Forces, Staff Officer, Tech. Intelligence 
Office, Intelligence Div., The Pentagon, Washing- 
ton, D.C. 


Dommers, Walter Alexander (J’44) (ZAO), Ch. 
Engr., Revere Co., 322 North Cherry St., Wal- 
lingford, Conn. 

Domonoske, Arthur Boquer (712; ’14; ’35) (EAN 
FBD), Box $35, Route 1, Willows, Calif. 

Donaher, Frederick Leo (’41) (FSLREK), Dist. 
Mgr., Coal Bur., Norfolk & West. Ry. Co., 1740 
Book Bldg., Detroit 26, Mich. 

Donahoe, Charles Francis (J’45) (ADE), U.S.N., 
U.S.S. Scott, DE-214, F.P.0., New York, N.Y.; 
for mail, 96 Montvale Ave., Stoneham, Mass. 

Donahue, Edward B. (J’41) (JMO), 834 E. 
Broadway, Cushing, Okla. 

Donahue, James Florian (J’44) (CDGLM), Prod. 
Megr., Sydney Ross Co., S.A., Calle Manuel 
M. Flores 142, Mexico, D.F., Mex. 

Donahue, Paul (J’36) (JKS), Mech. Engr., Baden- 
hausen Corp,, Cornwells Heights, Bucks Co.; for 
mail, 4606 Pulaski Ave., Philadelphia, Pa. 

Donald, Wm. J. (A’27) (CAS), Managing Dir., 
National Electrical Manufacturers Association, 155 
E. 44th St., New York 17, N.Y. 

Donaldson, Colin Smith (’45), Devel. Engr., Eng- 
lish Blec. Co. Ltd.; for mail, 83—2nd Ave., Brad- 
ford Moor, Bradford, Yorkshire, England. 

Donaldson, Robert Robb (’44) (SOZNM), Asst. 
Ch. Engr., Hagan Corp., 328—4th Ave., Pitts- 
burgh 30, Pa. 

Donehower, Robert William (J’42) (CJK), U.S. 
Army; 22 N. 5th St., Lewisburg, Pa. 

Dong, James C, (J’42) (Z), Engr., Charge Air- 
craft Instruments, Millar Instrument Co., Inc., 
22 Plane St., Newark 2, N.J.; for mail, 103 E. 
10th St., New York 3, N.Y. 

Donkersley, Albert Burton (’44) (SKCE), Ch. 
Engr., Grinnell Co., Inc., 260 W. Exchange St., 
Providence 1, R.I. 

Donley, Earl H. (’48) (P), Salesman, Babcock & 
Wilcox Co., 85 Liberty St., New York 6; for 
mail, 675 N. Terrace Ave., Mt. Vernon, N.Y. 

Donley, Robert Edward (J’44) (AOS), Ensign 
(D)L, U.S.N.R., Sonar Officer, U.S.S. Fury, PG- 
69, F.P.0., New York, N.Y. 

Donnell, Lloyd Hamilton (’29) (BAHN), Re- 
search Prof. Mechanics, Ill. Inst. of Tech., 3300 
Federal St., Chicago 16, Ill. 

Donnelly, Francis J. (J’45) (FSRKO), Asst. Mech. 
Engr., Gibbs & Hill, Inc., Pennsylvania Sta., New 
nen 1; for mail, 28 Clinton Pl., Baldwin, L.I., 


Donnelly, Geo, E. (J’40), Asst. to Supt., The 
News, 220 H. 42nd St., New York, N.Y. 

Donnelly, James A, (’11), Largent, W.Va. 

Donnelly, James Joseph, Jr, (’45) (BJMF), Mer., 
Engrg. Dept., Miller Co.; for mail, Finch Ave., 
Meriden, Conn. 

Donnelly, Leo Francis (J’44) (ENBFKH), Asst. 
Mech, Engr., Research Div., Internat]. Plainfield 
Motor Oo., Mack Mig. Corp., 1120 S. 2nd St., 
Plainfield, N.J. 

Donoghue, F. Francis (J’38) (ABKN), Research 
Engr., Worthington Pump & Mchy. Corp., Apple- 
ton St., Holyoke; for mail, 60 Green St., Worces- 
ter 8, Mass. 


Donovan, Daniel Edward (’44) (ACEFK), Pres., 
Steamship Serv. Corp., Sparrows Point 19; for 
mail, 6823 Dunhill Rd., Dundalk 22, Md. 

Donovan, Edw. L, (24; ’38) (OFK), Mech. Engr., 
Dept. of Pub. Works, Municipal Bldg., New 
York; for mail, 647 Warburton Ave., Yonkers, 
Nay, 


Donovan, Edward T, (J’21) (BSKFEN), Assoc. 
Prof. Mech. Engrg.,; Univ. of N.H., Durham, N.H. 

Donovan, George Clement (J’42) (ESBA), Engrg. 
Draftsman, Caterpillar Tractor Co., Peoria; for 
mail, 911 Wisconsin Ave., Peoria 4, Ill. 

Donovan, Michael Joseph (’42) (REB), Mech. 
Engr., Lima Loco, Works, Inc.; for mail, 1804 
Wendell Ave., Lima, Ohio. 

Donovan, William James (J’40) (KESNOL), 
Engr., Cecil Boling Co., 415 Lexington Ave., New 
York; for mail, 144 Knollwood Ave., Mamaro- 
neck, N.Y. 

D’Ooge, Leonard (’45) (CDKMNZ), Engr., Bercut- 
eaters Packing Co., Box 1295, Sacramento 14, 

alif. 

Dooley, James L. (J’42) (AHEKSB), Project 
Engr., Harvey Mch. Co., Inc., 6200 Avalon Blyd., 
lige Angeles; for mail, 844 Valley St., Burbank, 

alif. 

Doolin, Elmer Mathew (’38;’35) (FS), Pres., 
Am. Refrigeration Serv. Co., 6200 Marlboro Pike, 
S.E., Washington 19, D.C. 

Doolittle, Harold L. (’10;’16; F’36) (GHS), 
Manager, ’30-’83, Vice-President, ’33-35; Re- 
tired; 1520 Rose Villa St., Pasadena 4, Calif. 

Doolittle, James H, (Non-Member), Spirit of 
St. Lowis Medallist, ’38; Vice-Pres., Shell Union 
Oil Corp., 50 West 50th St., New York 20, N.Y. 

Doolittle, Jesse Seymour (’39) (EFSB), Assoc. 
Prof. Mech. Engrg., Pa. State College; for 
mail, 210 Adams Ave., State College, Pa. 

Doom, Lewis Garth (J’45) (BCO), Jr. Engrg. 
Scientist, War Dept. Contr., Box 1663, Santa Fe, 
New Mex. 

Doordan, Robert Emmett (J’46), W. Va. Pulp & 
Paper Co.; for mail, Westvaco Country Olub, 
Covington, Va. 

Dopp, Carl A, (’28) (SHEBMY), Directing Engr., 
Dept. Mgr., Crane Co., 4100 S. Kedzie Ave., 
Chicago 32, Ill. 

Doppel, Leonard (’82) (ABCEFH), Mgr., Cornelia 
Cab Oo., Inc., 915 Knickerbocker Ave., Brooklyn ; 
for mail, 61-45—62nd Ave., Maspeth, N.Y. 

Doré, Arthur Joseph (J’85) (NDMJCO), Capt., 
Ord. Dept., U.S.A., Research & Devel. Liaison 
Officer, Chicago Ord. Dist., 88 S. Dearborn St., 
guicHe for mail, 1707 N. 20th Ave., Melrose 
Park, Ill. 

Doremus, George A. (J’35) (SRF), Mech. Engr., 
Ebasco Services, Inc., 2 Rector St., New York 6, 
N.Y.; for mail, 144 E. Magnolia Ave., Maywood, 
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Dorer, Oscar H. (’12;’21;°35) (BHI), Cons. 
Engr., Centrifugal Engrg. Div., Worthington 
Pump & Mchy. Oorp., Worthington St., Harrison ; 
for mail, 47 Arsdale Terrace, East Orange, N.J. 

Dorf, Marvin L, (J’41) (YSKA), Devel. Engr., 
Goodyear Tire & Rubber Co., Inc., 1144 E. Market 
St., Akron; for mail, 288 The Brooklands, Akron 


5, Ohio. 

Dorfan, Morton I. (’28) (BDLOF), Mgr., Dust & 
Fume Engrg. Div., Am. Fdy. Equip. Co., Misha- 
waka, Ind.; for mail, 1217 Malvern Ave., Pitts- 
burgh 17, Pa. 

Dorian, Richard M. (J’42) (OMST), Asst. Mer., 
Plant Engr., A. & M. Karagheusian, Inc., West- 
field Ave., Roselle Park; for mail, 214 Elizabeth 
Ave., Cranford, N.J. 

Doring, Walter Ferdinand, Jr. (J’40) (TJNLM), 
Devel. Engr., Walter Kidde & Co., Inc., 675 Main 
St., Belleville; for mail, 27 W. Lawn Rd., 
Livingston, N.J. 

Doriot, Georges F, (’23;’385) (OGJLMO), Brig. 
Gen., QM. Corps, U.S.A., Dir., Military Planning 
Div., Tempo A, 2nd & T Sts., S.W., Washington 
25, D.O.; for mail, 12 Lime St., Boston, Mass. 

Dorman, Neal W. (’18;’22) (BJM), Ch. Engr., 
Toledo Mch. & Tool Div., E. W. Bliss Co., 1420 
Hastings St., Toledo; for mail, 5758 Adelaide 
Dr., Toledo 12, Ohio. 

Dornbach, Robert Frank (J’45) (HBOEMK), 
Arresting Gear & Catapult Officer, U.S.N., U.S.S. 
Kadashan Bay, OVE-76; for mail, 2446 N. 70th 
St., Wauwatosa 13, Wis. 

Dornbirer, Stanton D. (’89) (HJKNO), Constr. 
Engr., S. Morgan Smith Co., York, Pa. 

Dornbrook, Fred L. (’22) (BSKFC), Ch. Engr., 
Power Plants, Wis. Elec. Power Co., Box 2046, 
Milwaukee 1; for mail, 4426 N. Farwell Ave., 
Milwaukee 11, Wis. 

Dorner, Frederick H., Jr. (J’38) (SFK), V.P., 
Dorner Oo., 2766 N. Downer Ave., Milwaukee 11; 
for mail, Box 1000, Milwaukee 1, Wis. 

Dorow, Ray O. (’89;’45) (CDLMNT), 48 Blue 
Ridge, Kansas City 8, Mo. 

Dorward, John Greig, Jr. (J’37) (BHMO), Engr., 
Designer, Dorward Pump OCo., 210 Mission St., 
San Francisco 5; for mail, 467 Central Ave., 
Alameda, Calif. 

Doster, Howard George (’40) (OJRS), V.P., Ch. 
Engr., Ohio Injector Oo.; for mail, 253 Broad 
St., Wadsworth, Ohio. 

Dotter, Richard A. (J’39), Bunker Place, Wan- 
tagh, N.Y. 

Doty, Albert J. (’48) (SMLZ), Ch. Engr., Am. 
Box Board Oo., 470 Market St., S.W., Grand 
Rapids 2; for mail, 1420 Sherman St., S.E., 
Grand Rapids 6, Mich. 
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Doubrava, Eugene N. (J’41) (ACM), Thompson 
Products, Inc., 2196 Clarkwood, Cleveland; for 
mail, 2624 S, Taylor Rd., Cleveland Heights, 


Ohio. 

Dougherty, William F., Jr. (J’36) (BGH), 
Tester, Arma Oorp., 254-36th St., Brooklyn, 
N.Y.; for mail, 17 Hoyer Ave., Westwood, N.J. 

Doughtie, Charles Edwin, Jr. (’27;’35) (BEF 
KTY), V.P. & Mgr. Mech. & Elec. Depts., Robert 
& Oo., Inc., 706 Bona Allen Bldg., Atlanta 3, Ga. 

Doughtie, Venton Levy (’21; ’32;’35) (NBMA), 
Prof. Mech. Engrg., Univ. of Tex., Univ. Sta., 
Austin 12, Tex, 

Doughty, Charles John (’45), Mech. Supvr. 
Austin Co., 19 Rector St.; for mail, Murray Hil 
Hotel, 112 Park Ave., New York, N.Y. 

Doughty, Franklin 0. (J’39) (FHS), 1922 Seneca 
Rd., Canby Park, Wilmington, Del. 

Doughty, Gerald N, (J’42) (NMC), Engrs. Asst., 
Allis-Chalmers Mfg. Co., Milwaukee, 1; for mail, 
1579 S, 60th St., West Allis 14, Wis. 

Doughty, Wm. F. (’99; 15), Suite 2824, 17 Bat- 
tery Pl., New York, N.Y. 

Douglas, Donald Craig (’23;’30;’35) (NHKF 
SB), Lab, Supvr., Dept. of Engrg. Research, Univ. 
of Mich.; for mail, 1820 W. Huron St., Ann 
Arbor, Mich. 

Douglas, Frank Shelton (J’42) (AFBNSJ), Test 
Equip. Engr., Exper. Div., Wright Aero. Corp., 
Beckwith Ave., Paterson 3; for mail, 22 N. 13th 
St., Haledon, Paterson 2, N.J. 

Douglas, Frederick Orrin (J’42) (BNJO), Ener., 
Spee. Serew Products Co., 5445 Dunham Rd., 
Bedford; for mail, 1305 Yellowstone Rd., Cleve- 
land 21, Ohio. 

Douglas, George Mellis (’22) (AES), Northcote, 
Lakefield, Ont., Oan. 

Douglas, John (’30), Redlac, Colinton, Edinburgh, 
Scotland. 

Douglas, Melvin (’45), Rm. 1623, 53 W. Jackson, 
Chicago 4; for mail, 5236 N. New England, Chi- 
eago 31, Ill. % 

Douglass, Alfred E, (’21;’30) “(CDL), Pres., 
Allentown Portland Cement Co., 124 Bridge St., 
Catasauqua, Pa. 

Douglass, Dwight (’46) (FKS), Supt. of Power, 
Hartford Elec. Light Co., 266 Pearl St., Hart- 
ford 15, Conn. 

Douglass, Malcolm E, (J’36) (BKM), Lab. Ener., 
Gen, Elec. Co., 40 Federal St., Lynn; for mail, 
Box 9, West Lynn, Mass. 

Douglass, Roderick Brundage (J’41) (KHFB 
AM), Detail Engr., Harrison Radiator Div., Gen. 
Motors Corp.; for mail, 122 Cottage St., Lock- 
port, N.Y. 

Douglass, Walter Landon, Jr. (J’46) (BJM), 
Lukens Steel Co.; for mail, Rm. 485, Y.M.O.A., 
Coatesville, Pa. 

Doukas, George (J’40) (HKL), Lt. (j.g.), 
U.S.N.R., 316 St. John St., Havre de Grace, Md. 

Douthit, Judd H. (J’30), Badin, N.C. 

Douwes, Hendrik Brugt (J’39) (BNJMOC), 
Engr., Cent. Mch. Co., 398 Market St., Newark; 
for mail, 1841 Arbor Lane, Union, N.J. 

Dow, George L, (’44) (SODF), Mech., Elec. Supt., 
Albert Kahn Associated Archs. & Engrs., Inc., 345 
New Center Bldg., Detroit 2; for mail, Box 405, 
Ann Arbor, Mich. 

Dow, Herbert W. (’17), Exec. Sales Engr., Nord- 
berg Mfg. Co., 3078 S. Chase Ave., Milwaukee; 
for mail, 2524 E. Shorewood Blvd., Milwaukee 
11, Wis. 

Dow, Richard Francis (’21) (BHMY), Research 
Engr., Whitney Chain & Mfg. Co., 237 Hamilton 
St., Hartford 2; for mail, 162 Edgewood St., 
Hartford 5, Conn. 

Dowd, Stanley B. (A’29) (CHBM), Sales Mer., 
Leland-Gifford Co., 1001 Southbridge St., Worces- 
ter 1, Mass. 

Dowdell, Samuel Hosmer (’44), Plant Engr., 
Florida Power & Light Co., Box 3100, Miami 30; 
for mail, Wimauma, Fla. 
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Engrs. ; for mail, 231 E. Burlington, Iowa City, 
Iowa. 

Dunn, Gano (’11; F’41; H’44), Pres., J. G. White 
Baers. Corp., 80 Broad St., New York, N.Y. 
Dunn, J. Jay (17) (BHKZF), Retired; 200 Foun- 

tain Ave., Ellwood City, Pa. 


Dunn, James Jay (’30) (CGLM), Res. Mgr., Louis- 
ville Div., Natl. Distillers Products Corp., Box 
479, Louisville 2; for mail, 500 Kenwood Dr., 
Louisville 8, Ky. 

Dunn, Raymond Gano (J’43) (BER), Engrg. 
Draftsman, Premier Gear & Mch. Works, 17th & 
Thurman, Portland; for mail, 37 N.E. Morgan 
St., Portland nL Ore, 


Dunn, Royal Charles (J’45) (KSHCE), 1914 
Chicago Ave., Minneapolis 4, Minn. 
Dunn, Samuel Orace (A’44) (R), Chmn., Sim- 


mons-Boardman Publ. Corp., 105 W. Adams St., 
Chicago 13, Ill. 

Dunn, Stephen Monte (’26) (HESO), Ch. Mech. 
Engr., Water System, Dept. of Water & Power, 
207 S. Broadway, Los Angeles 12; for mail, 
1680 Hill Dr., Los Angeles 41, Calif. 

Dunn, William John (J’43) (FKS), Combustion 
Engrg. Co., Inc., 80 Federal St., Boston 10, 


Mass, 
Dunne, Samuel Brendan (’43) (JMOKLH), De- 
A. B. Murray Co., Green Lane, 


sign Engr., 
Elizabeth, N.J. 

Dunnell, William W., Jr. (’27; 730; ’33) (NMJ 
HAR), Ch. Engr., Rivett Lathe & Grinder, Inc., 
18 Riverview Rd., Boston 35; for mail, 86 
Myrtle St., Boston 14, Mass. 

Dunnican, George Walter (’30;’35) (EFSDCJ), 
Ch. Engr., Lehn & Fink Prod. Corp., 192 Bloom- 
aad Ave.; for mail, 838 Broad St., Bloomfield, 


Dunning, Harry (’28) (DBMOY), Partner, Dunn- 
ing Lueckel Engrg. Oo., 17 John St., New York 


WshiNe ke 

Dunnington, Francis Alden (J’42), 
Supvr., Charge Repairs, Airplane Div., Curtiss- 
Wright Corp., Kenmore & Vulcan St., Buffalo; 
for mail, 744 S. Tiorunda Dr., Buffalo 11, N.Y. 

Dunnington, William (’38;’44) (CLS), Engr., 
E. I. du Pont de Nemours & Co., Wilmington ; 
for mail, 2622 W. 18th St., Wilmington 47, Del. 

Dunsford, Jan R, (’31) (CJM), 1007 Investment 
Bldg., Pittsburgh, Pa. 

Dupont, Andrew Taylor (’18;’24;’29) (DESL), 
Comdr., U.S.N.R., Exee. Officer, Office of Asst. 
to Indus. Mgr., Norfolk Naval Shipyard, 112 S. 
Gay St., Baltimore 2; for mail, Box 299, Route 
9, Baltimore 25, Md. 

duPont, Benjamin Bonneau (J’44), Student, 
Yale Univ.; for mail, 2666 Yale Sta., New 
Haven, Conn. 

Duppstadt, J. Robert (J’42) (ABESHW), Stress 
Analyst, Curtiss-Wright Oorp., Genessee, Buffalo ; 
for mail, 101 Norwood Ave., Buffalo 13, N.Y. 

Du Pre, Frederick Augustus (J’?48) (NEMRBO), 
Mech, Engr., Drafting & Designing, Oswald 
Engrg. Services, Ine., 504 Queen & Oresent 


Bldg.; for mail, Apt. G, 711 Royal St., New 
Orleans 12, La. 
DuPriest, John R. (’11) (SENHKOQ), Prof., 


Mech, Engrg., Univ. of Minn., Minneapolis, Minn. 

Durand, Nelson 0, (799) (CLM), Retired; 116 
Prospect St., East Orange, N.J. 

Durand, William F, (83; H’34) (ABH), Vice- 
President, ’11-718, President. 925; A.S.M.E. 
Medallist, ’45; Prof. Emeritus, Mech. Engrg., 
Stanford Univ., Stanford University, Calif. 

Durant, Aldrich (’06; 18) (0), a age Mer., 
Harvard Univ., Cambridge 38, Mas: 

Durbeck, Albert C. (21; "938; 35) (ACDNTZ), 
Sales Engr., Fed. Bearings Co., Inc. ; for mail, 
73 Hinkley Pl., Poughkeepsie, SENG 

Durgin, Clyde Munroe 22% 28) (BSNEHG), 
Reproduction Supvr., New England Power Sery. 
Co., 441 Stuart St., Boston; for mail, 20 Dan- 
ville St., West Roxbury 82, Mass. 

Durham, George Edwin (J’40) (RJC), Asst. to 
Pres., Wheeling & Lake Erie Ry. O©o., 1657 
Union Commerce Bldg., Cleveland 14, Ohio. 

Durham, J. E., Jr. (A’ 40), Veb-s Bonney Forge 
& Tool Works, Allentown, Pa. 

Durkee, Chauncey Hilton @19-5735.* 735), CAC 
ZM), Tech. Editor, Airadio Co., Inc., Barry Pl., 
Stamford, Conn. 

Durland, Arthur C. (J’43) (EKS), 314 Orchard 
Ave., Sunnyvale, Calif. 

Durland, Charles Mortimer (J’43) (SKHC), En- 
sign, U.S.N.R., Sullivan Dry Dock & Repair 
Corp., 28rd St. Brooklyn 32, N.Y. 

Durland, Merrill A, (722; ’30) (NB), Prof. Mch. 


Design, Asst. Dean, Kan. State College, Man- 
hattan, Kan. 
Durland, William Pelton (J’31) (CFBHAM), 


Purchasing Engr., Worthington Pump & Mch. 
Corp., 27 Appleton St., Holyoke; for mail, 93 
Bancroft Rd., Northampton, Mass. 

Durley, Richard J. (99), 8174 The Boulevard, 


Westmount, Que., Can. 

Durnford, Errol R. (J’40), Sgt., Hdq., 41st 
Inf. Div., A.P.O. 41, c/o Postmaster, San Fran- 
cisco, Calif. 

Durrant, Oliver W. (J’40), 8552 S. Loomis Blvd., 
Chicago, Tl. 

Dursin, Henry, Jr. (’18; 253785) (TSO), Secy., 
Mgr., Lafayette Worsted Spinning Co., Hamlet 
Ave., Woonsocket, R.I. 

Dusenbury, William Henry (’43) ser od 
Cons. Engr., W. H. & J. F. Dusenbury, 10 
40th St., “New York 165 Nay. 

Dusinberre, George M. (38) (SKE), Lt. Comdr., 
U.S.N., Retired; Va. Poly. Inst., Blacksburg, Va. 

Dussel, Alexander Neil (3°42) (MOB), Lt. \(g:); 
U.S.N., Mine Warfare & Engrg. Officer, YMS-80, 
FP.O., New York, N.Y. 

Dutcher, Frederick Harris (’39) (AEKOS), 
Asst. Prof. Mech. Engrg., Columbia _ Univ., 
Broadway & 116th St., New York 27, N.Y 
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Dutcher, John E, (’22) (EFS), Mech. Engr., 
Schmidt, Garden a ee 104 S. Michigan 
Ave., Chica o 20, 

Dutton, Frederick’ Getta (34) (BCLJ), Supvr. 
of Inspe., Carbide & Carbon Chemicals Corp., 
30 E. 42nd St., New York 17, N.Y.; for mail, 
315 Cumberland Rd., South Orange, N.J. 

Dutton, Henry P, (730) (CM), Prof. Business 
Organization, Chmn., Indus. Engrg. Dept., Ill. 
Inst. of Tech., 3300 Federal St., Chicago 16; for 
mail, 2242 Pioneer Rd., Evanston, tl. 

Dutton, Robert Hunt’ (J’45) (BOM), Design 
Engr., Gen. Elec. Co., 5441 E. 14th St., Oakland 
1b for mail, 1849 Monterey Rd., San Jose, Calif. 

DuVivier, Charles Louis (J’ 45), U.S. Navy; 76 
Sedgwick Ave., Darien, Conn. 

Dvorak, John J, (J’35), Ch. Draftsman, Baytown 
Refinery, Humble Oil & Refining Co., Baytown; 
for mail, 6125 Washington Ave., Houston 7, Tex. 

Dwight, Harold | 8S. (’36), 1019 Redway Ave., 
Cincinnati, Ohi 

Dwight, Horbert: Vv. (J’40) (ABC), 935 Work 
Dr., Akron 2, Ohio. 

Dworetzky, Lawrence Herbert (J’44) (L), Jr. 
Engr., Transylvania Tanning OCo., Brevard, N.O. 

Dworzan, Joseph Stanley (J’42) (MACJBY), 
1st Lt., Army Air Forces, Prod. & Procurement 
Engr., Hda., Air Tech, Serv. Comd., TSBPAS, 
Wright Field, Dayton, Ohio. 

Dwyer, John J, (725) (SEFCLM), Sales Engr., 
M. W. Kellogg Co., 225 Broadway, New York 7; 
for mail, 1284 Carroll St., Brooklyn 18, N.Y. 

Dwyer, Leo E, (J’41), Gen. Mgr., Charge of De- 
sign & Engrg., Codem Engrg., 1936 Shattuck 
Ave., Berkeley 4, Calif. 

Dwyer, Paul “Francis (730; ’45) (EK), Engr., 
Kellex Corp., 233 Broadway, New York; for 
mail, 18 Vermont Ave., White Plains, N.Y. 

Dyck, Arnold William (J’45) (NMBCOA), Sr. 
Engr., Trans-Canada Air Lines; for mail, 6 
Eastgate, Winnipeg, Man., Can. 

Dye, Ira Willard (’13; 35) (CMWS), Sr. Man- 
power Consultant, War "Manpower Comm. , 1511— 
5th Ave., Seattle 1; for mail, 5950—32nd Ave. 
S., Seattle 8, Wash. 

Dyer, Ralph Leighton (781; 85) (EHS), Sales 
Engr., 812 Ins. Bldg., Seattle.4, Washington. 
Dyer, Samuel, Jr. (J’48), Capt., U.S.A., 74th 
eae QGp., A.P.O. 149, c/o Postmaster, New York, 


Dyer, William E. 8. (27) (OCFSTY), Propr. 
Firm of William E. §S. Dyer, Crosby Bldg., 
vaeele 2; for mail, 800 West Ferry, Buffalo, 


Dene John Morley (J’43) (SKOHBE), Boiler, 
Heat Transfer Design Energ., dobre Jnetis Co. 
Ltd., Strachan Ave., Toronto, ‘Ont. 

Dyke, Theodore Allen i) (ana), 10 “Mitchell 
Pl., New York 17, N.Y. 

Dykes, John Reid (eu 41 "(SKJFAB), Jr. Engr., 
Steam Div., Westinghouse Elec. Corp., Phila- 
delpRte, Pa.; for mail, 281 Lake St., Newark 4, 


Dye Horace Martin (J’44), Engr., Gen. 
Elec. Co., 2000 Taylor St.; for mail, 336 Killea 
St ht: Wayne. Ind. 

Dym, Joseph Ben (’44) (BHJMWY), Sec. Engr. 
over Mfg. Engrg., Westinghouse Elec. Corp., 
Ardmore Blvd. & Braddock Rd., Pittsburgh 21; 
for mail, 6871 Douglas St., Pittsburgh aye et 

Dyrenforth, eee Phillip (348) (AES), Lt. 


- G.g-), S.N.R., LST-I140, F.P.0., San Fran- 
cisco., Gait. for mail, 2334 Bellaire St., Den- 
ver 7 Colo. 


Dzurka, John Jospeh (J’43) (WSHBE). Ensign, 
U.S.N.R., Indus. Dept., Naval Shipyard, Phila- 
delphia 12, Pa.; for mail, 5382 E. 8th St., 
Brooklyn, N.Y. 


E 


Eaddy, Ernest Johnson (’42) (TOM), Engr. & 
Gen. Mgr., Textile Shops, Spartanburg, S.C. 

Eadie, J. Keith (J’40) (BHL), Paper Mchy. 
Dept., Dominion Engrg. Works, Ltd., 1st Ave. ; 
for mail, 4065 Broadway, Lachine, Que., Can. 


Eadie, John C. (’17) (KLS), Eadie, Freund & 
Campbell, Cons. Engrs., 500—5th Ave., New 
York 18, N.Y. ; 


Eagles, Burton Weller (J’45) (HJCESN), Engr., 
Proposition Dept., Babcock-Wilcox & Goldie Me- 
Culloch Ltd., Grand Ave.; for mail, 127 Conces- 
sion St., Galt, Ont., Can 

Eagles, James Rowland en 45) (OMS), Graduate 
Student Engr., Westinghouse Elec. Corp., East 
Esbetats for mail, 203 Franklin Ave., Wilkins- 

urg, Pa. 

Earhart, Joseph Stanley (743) (KLHSC), Pres., 
Gen. Mgr., Preferred Equip., Inc., 4232 E. White- 
side St., Los Angeles 33, Calif, 

Earl, Ralph (44), 2125 Leonidas St., New Orleans 
ay 


5, Lids 
Earl, Thomas Collins (J’42) (WCHOLS), Mech. 


Engr., Design & Constr., Union Bag & Paper 
Corp. ; for mail, 506 Maupas Ave., Savannah, Ga. 
Earle, Chester Reed (’44) (SFEZKH), Assoc. 


Editor, Power Plant Engineering, Tech. Publ. 
Co., 58 W. Jackson Blvd., Chicago 4, Il. 

Earle, Samuel Broadus (’05; ’08; 14; F’39) (SE _ 
FKO), Manager, ’37-’40, Vice-President, ’40-42; 
Dean, Sch. of Engrg., Clemson College, Clemson, 


8.C. 

Early, Daniel Miller, Jr. (J’43), Lt., 27th Air 
Trans. Gp., A.P.O. 635, c/o Postmaster, New 
York, N.Y ; 


- Eason, Clarence M, (’20) (ACMEN), Pres., Indus. 


Clutch Corp., 515 Frederick St.; for mail, 406 
Windsor Dr., Waukesha, Wis. 

East, Frank George (’30;’41) (NMJDBO), De- 
sign & Prod. Engr., Hamilton, Gear & Mch. O©o., 
“6 Van Horne St., Toronto 4; for mail, 64 
Cliveden Ave., Toronto 9, Ont., Can. 

East, Warren Errett (19; ’35) (FKS), Sales 
Engr., Babcock & Wilcox Co., 105 S, La Salle 
St., Chicago 3, Ill. 

Eastling, Harvey V. (’22;’30) (ODM), V.P., 
Pacific Div., Link-Belt Co., 400 Paul Ave., San 
Francisco; for mail, 1718 Easton Dr., Burlin- 
game, Calif. 

Eastman, Everett James (J’42) (BJE), Dow 
eee Co.; for mail, 602 Townsend, Midland, 

ich. 

Eastman, Fred Cecil (’28) (BHAYTK), Re- 
search Engr., United Shoe Mchy. Corp., Balch 
St., Beverly; for matl, 9 Pickwick Rd., Marble- 
head, Mass. 

Easton, Elwood Merritt (J’48) (ABJNK), De- 
sign Engr., Propeller Div., Ourtiss-Wright Corp., 
Route 6, Caldwell; for mail, 515 Mt. Prospect 
Ave., Newark 4, N.J. 

Eastwood, Everett O, (’14;9’36) (KIFSAC), 
Manager, ’23-’26, Vice-President, ’26-'28; Prof. 
Mech. Engrg., Head. Dept. of Mech. Engrg., Univ. 
of Wash., Seattle 5, Wash. 

Eaton, Cecil L. (’30), Ch. Engr., Am. Associated 
Consultants, 250 Park Ave., New York, N.Y 
for mail, Wm. Penn Hotel, Pittsburgh, Pa. 

Eaton, Edgar P., Jr, (J’44) (CEM), Sales Engr., 
Allis-Chalmers Mfg. Co., 1160 Pk. Sq. Bldg., 
Boson 16; for mail, 472 Broadway, Cambridge, 

ass. 

Eaton, George Curtis (J’25) (SFEABC), Asst. 
Supt. Prod., Boston Edison Co., 39 Boylston St., 
Boston 12, Mass. 

Eaton, George Henry (’32;785) (SOHFEK), 
Pres., Foskett & Bishop Co., Box 1593, 76 
Blatchley Ave., New Haven, Conn, 

Eaton, Herbert N. (’30), (BHK), Chief, Hyd. 
Lab. Sec., Natl. Bur. of Stands., Washington, 
D.O.; for mail, 3 E. Inverness Driveway, Chevy 
Chase, Md. 

Eaton, Ian Duncan (J’44), 70 Gillett St., Hart- 
ford 5, Conn. 

Eaton, Leon Schultz (’22) (FHNJKW), Visiting 
Prof. of Mech. Engrg., College of Engrg., River 
Campus, Univ. of Rochester, Rochester 3, N.Y. 

Eaton, Paul B. (’22) (NCDL), Manager, 40-42 ; 
Head, Mech. Engrg. Dept., Lafayette College; for 
mail, 4 East Campus, Easton, Pa. 

Eaton, William Fay (J’45), Lt., U.S.N., LOI (L) 
652, F.P.0., San Francisco; for mail, Apt. 12, 
2124 McKinley Ave., Berkeley 8, Calif. 

Eaton, Wyman (’26), Pres., Freyn Engrg. Co., 
810 S. Michigan Ave.; for mail, 7340 Merrill 
Ave., Chicago, Ill. 

Ebaugh, Newton ©, (732; 785; 785) (OLSHFK), 
Head, Mech, Engrg. Dept., Univ. of Fla., 101 
Engrg. Bldg., Gainesville, Fla. 

Ebdon, Hubert George (’40) (FS), Gen. Sales 
Mgr., Combustion Engrg. Co., Inc., 200 Madison 
‘Ave., New York 16, N.Y. 

Ebenbach, Robert (J’40) (RABM), Asst. Struc- 
tures Engr., Ry. Engrg. Dept., Edw. G. Budd Mfg. 
Co., Red Lion Rd., Bustleton, Philadelphia; for 
mail, 235 Brookdale Ave., Glenside, Pa. 

Eberhard, Walter Otto (J’46), 119-02—196th St., 
St. Albans, L.I., N.Y. 

Eberhardt, Frank Edward (’07;’25) (NCBJMZ), 
Pres., Gen. Mgr., Newark Gear Cutting Mch. Co., 
Prospect St., Newark; for mail, 10 N. Ridgewood 
Rd., South Orange, N.J. 

Eberhardt, Henry Ezra (’13;’21) (CJM), V.P., 
Gould & Eberhardt, Inc., 433 Fabyan Pl., Irving- 
ton 11; for mail, 2 Mountain View Terrace, 
Maplewood, N.J. 

Eberhardt, John Dennett (’26) (CMWOJD), 
Indus. Engr., Ernst & Ernst, 50 Oongress St: 
Boston; for mail, 248 Gray St., Arlington, Mass. 

Eberhardt, U, Seth (’25) (BNC), Cons. Engr., 
26 Oberlin St., Maplewood, N.J. 

Eberhardt, Walter William (J’46), 1634 North- 
wood Dr., Cincinnati 16, Ohio. 

Eberhardt, William Charles (J’40) (CHJ), Re- 
search Engr., Gould Eberhardt, Inc., 433 
Fabyan Pl., Irvington 11; for mail, 594 Duquesne 
Terrace, Union, N.J. - 

Eberhart, John Muth (J’46) (ABE), 2012 Forest 
Park Ave., Baltimore 7, Md. 

Eberle, Fred Henry (’20; 35) (DEHKS), Asst. 
Supvg. Engr., Mech. Engrg. Div., Stand. Oil 
Devel. Co., Box 37, Elizabeth; for mail, 940 
Maurice Ave., Rahway, N.J. 

Eberle, James William (J’45) (BJSNKM), Tur- 
bine Engr., Gen. Elec. Co., 1 River Rd., Schenec- 
tady 5; for mail, 2454 Mohawk Ave., Scotia 2, 


7? 


N.Y. 

Eberth, William Frederick (’45) (CLDMH), 
Engr. Examiner, Reconstruction Finance Corp., 
811 Vermont Ave., N.W., Washington 25, D.C.; 
for mail, Apt. O-422, 8111—20th St. N., Ar- 
lington, Va. 

Eblen, Wm. F. (’25) (FES), Shaw & Eblen; for 
mail, 5619 Sherman St., Houston 11, Tex. 

Eby, Earl E. (’18) (EMJBLS), Mgr., Power & 
Indus. Products, Gen. Motors Overseas Opera., 
1775 Broadway, New York 19, N.Y. 

Echelson, George (J’39) (ZLHMJE), Instrument 
Engr., Lago Oil & Transport Co., Ltd., Box 456, 
Aruba, Curacao, N.W.I. 
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Echeverria, R. James (J’46) (CP), 956 Masson 
Ave., San Bruno, Calif, 

Eck, Alexius Emanuel (’29) (BGSJ), V.P., Cent. 
Tron & Steel Co., S. Front St., Harrisburg; for 
mail, 1404 Walnut St., Camp Hill, Pa. 

Eckart, William Rankine (’04) (LKHSBE), 
Mech. Engr., CO. F. Braun & Co., 1000 S. Fremont 
Ave., Alhambra; for mail, 1525 Oak Grove Ave., 
San Marino 5, Calif. 

Eckberg, Herbert Frederic (J’37) (BK), Capt., 
U.S:N., Commanding U.S.S. Anne Arundel, 
F.P.0., New York, N.Y.; for mail, 2108 Lake 
Ave., Baltimore 18, Md. 

Eckerman, Edward Henry (J’39) (SNO), Instr., 


Mech. Engrg., Rose Poly. Inst., R.R. 5, Terre 
Haute, Ind. 
Eckert, Arthur ©. (’18;’19) (BEM), Propr., 


Firm of Arthur ©. Eckert, 801 Title Guaranty 
Bldg., St. Louis, Mo. 

Eckert, Henry R, (’21;’81), Propr., Hudson 
gt Mch. Co., 144 Bayview Ave., Jersey City, 


Bie 

Eckert, Joseph Sigmund (’28) (CDFLSZ), Supt., 
Buckeye Sugar Co.; for mail, Box 207, 388 E. 
8rd St., Ottawa, Ohio. 

Eckert, Otto E, (’42), 919 W. Michigan Ave., 
Neeeee Mich, 

Eckhardt, Carl John, Jr. (’29;’87) (SFEKHG), 
Prof. Mech. Engrg., Supt. Utilities, The Univ. 
of Tex., Austin 12, Tex. 

Eckhardt, Floyd S, (J’86) (JDF), Ch. Engr., 
Bethlehem Steel Co., 1 Hamburg Turnpike, Lacka- 
wanna, N.Y. 

Eckhart, William Henry (J’43) (B), Assoc. Mech. 
Engr., Naval Shipyard, Portsmouth, N.H.; for 
mail, 2 Howard St., Kittery, Me. 

Ecklund, Charles (M’39) (CMNBJD), Asst. Supt., 
Dictaphone Corp., 875 Howard Ave., Bridgeport 
re for mail, 187 Buena Vista Rd., Bridgeport 4, 

onn, 

Eckman, Donald Preston (J’88) (ZBHK), Devel. 
Engr., Brown Instrument Co., 4497 Wayne Ave. ; 
for mail, 58339 Greene St., Philadelphia 44, Pa. 

Eckstrom, Albert Wallace (’35;’38) (CDHK 
LS), Asst. Ch. Engr., Evaporator Dept., “Buflo- 
vak” Equip. Div., Blaw-Knox Co., 1543 Fillmore 
Ave., Buffalo; for mail, 46 Kingsley St., But- 
falo 8, N.Y. 

Eddie, Charles Ernest Shepard (’44) (FZSCMO), 
Asst, Supt., Steam & Fuel Dept., Great Lakes 
Steel Corp., Ecorse; for mail, 1637—2nd St., 
Wyandotte, Mich. 

Eddison, William Barton (’13;’21;’35; F’43) 
ey Cons. Mech. Engr., Ardsley-on-Hudson, 


Eddy, Harrison Prescott, Jr. (’27) (0), Partner, 
Metcalf & Eddy, 1800 Statler Bldg., Boston 16, 


Mass. 
Eddy, James Walter (J’44), Asst. Design Engr., 
Eddy Shipbldg. Corp., Harrison at Cass, Bay City, 


Mich, 

Eddy, Willard T, (J’83) (CFK), 530 Park Ave., 
Orange, N.J. 

Edel, Walter Lester (’21;’26;’29) (SKBAFO), 
Dir., Engrg. & Research, Clayton & Lambert Mfg. 
Co., 1701 Dixie Highway, Louisville 10, Ky. 

Edelen, Charles J. (J’37) (EF), 1410 Pipkin St., 
Beaumont, Tex. 

Edelman, Beril (’40) (COMD), Ch., Contract 
Standardization & Coordinating Div., West. Elec. 
Co., Inc., 120 Broadway, New York 5}; for mail, 
580 EB. 8th St., Brooklyn 18, N.Y. 

Edelstein, Burton Herman (J’45) (KMC), Rat- 
ing Engr., Graham Mfg. Co., 415 Lexington Ave., 
New York 17; for mail, 170-49 Cedarcroft Rd., 
Jamaica 8, N.Y. 

aoe Fitzroy L. (’23), 160 Paulin Blvd., Leonia, 


N.J. 

Eder, James P. (J’34) (CWZ), Research Engr., 
Sperry Gyroscope Co., Inc., Great Neck; for mail, 
29 Washington Sq., New York 11, N.Y. 

Edgar, Alonzo John (A’48), Tech. Adviser, Gray 
Tron Founders Soc., Inc., 1201—19th St., N.W., 
Washington 6, D.C. 

Edgar, Kenneth Kirk (J’40) (OCM), Sr. Engr., 
Rath & Strong, Inc., 80 Federal St., Boston 10; 
‘or mail, 59 Oxford Rd., Newton Centre 59, Mass. 

Edge, Maurice Peterman (J’39) (ZFS), Sales 
& Serv. Engr., Paul B. Huyette Co. Inc., 401 N. 
Broad St., Philadelphia 8; for mail, 465 Fla- 
mingo St., Philadelphia 28, Pa. 

Edge, Walter Clifford (’45) (SZCFOL), V.P., 
Paul B. Huyette Co. Inc., 401 N. Broad St., 
Philadelphia 8, Pa. 

Edgell, Albert B. (’39), Power Div., Studebaker 
Corp., South Bend, Ind. 

Edgerly, Robert Moffatt (J’45) (AENBHC), 
Flight Test Engr., Grumman Aircraft Engrg. 
Corp., Bethpage ; for mail, 544 Front St., Hemp- 
stead, L.I., N.Y. 

Edick, George Wallace, Jr. (J’40), Capt., Hdq. 
Btry., Div. Arty., 16th AD., A.P.O. 412, c/o 
Postmaster, New York, N.Y. 

Edlefsen, Robert P. (J’42), 1040 Weeks St., Palo 
Alto, Calif. 

Edmiston, Maurice Oliver (’25; 735) (ORFE), 
Capt., Chem, Warfare Serv., A.P.O. 9224, c/o 
Postmaster, New York, N.Y.; for mail, 1960 Ivy 
St., Denver 7, Colo. 

Edmondson, Don Elton (J’45), U.S. Navy; for 
mail, 2919 Maple Springs Blvd., Dallas, Tex. 
Edmunds, Robert (J’42), 2456 Grunewald St., 

Blue Island, Ill. 

Edris, Clair James (J’41) (MJDS), Tool Designer, 
Elliott Co., N. 4th St.; for mail, 917 Gaskill 
Ave., Jeannette, Pa. 
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Edwards, Albert B. (’30; 7385 CH), 8 i 
State Bldg., Los Angeles 12, balit pe eres 

aoc? Ey eee Engr., Mech, 

iv., Stone & Webster Engrg. Corp., 

apa psa uy Mass. re Ree oe 
wards, Austin Southwick, Jr. (J’42) (ABFN 
YK), Sr. Engr., Wright Aero. Corp., oO 
Ave., Paterson 8; for mail, 329—19th Ave. 

oe ded he ai N.J. ‘ 
wards, Clive L. (’80; 81; ’35) (LMC), Elec. 
Engr., E. I. du Pont de Nemours Y ilming- 
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ing Co.; for mail, 575 Highland Ave., Salem, 

io. 

Emerick, Robert Henderson (’43) (FKS), Capt., 
U.S.N.R., Repair & Conversion Officer, Naval Ship- 
yard, Charleston, S.C. 

Emerson, C. L. (’27), V.P., Ch. Engr., Robert & 
Co., Inc., 706 Bona Allen Bldg., Atlanta, Ga. 
Emery, Hervey Ross, Jr, (J’42), 6810—46th 

Ave., N.E., Seattle 5, Wash. 

Emery, Lorentz Densmore (J’48), Missionary, 
(under appointment to Colombia, S.A.), Bd. of 
Foreign Missions of Presbyterians in U.S., 156— 
5th Ave., New York; for mail, 209 Union St., 
Schenectady, N.Y. 

Emhardt, Fred W. (30; 42) (KSLMJE), Engr., 
Struthers-Wells Co. ; for mail, 10—4th Ave., War- 
ren, Pa. 

Emin, G. Herbert (J’43) (ZKSO), Sales Engr., 
G. H. Emin & Associates, 616 S. Michigan Ave., 
Chicago 5, Ill. 

Emley, Warren E,, Jr. (J’39) (AEKOZ), Mech. 
Engr., Research, Natl. Advis. Com. for Aero., 
Cleveland Airport, Cleveland, Ohio. 

Emmet, Herman Leroy (’31) (0), Works Mer., 
Gen. Elec. Oo., 2901 E. Lake Rd., Erie, Pa. 

Emmons, Gilbert Collins (’42) (SKFL), Sr. 
Mech. Engr., Vern E. Alden, Engrs., 120 S. La 
Salle St., Chicago; for mail, 317 N. Elmwood 
Ave., Oak Park, Il. 

Emmons, Howard Wilson (J’35) (ABK), Assoc. 
Prof., Sch. of Engrg., Harvard Univ., Rm. 307, 
Pierce Hall, Cambridge, Mass. 

Emory, John Brooks (719) (FSK), Dist. Mer., 
Combustion Engrg. Co., Inc., 516 Martin Bldg., 
Birmingham, Ala. 

En Dean, Howard James (46) (BPZ), Engr., 
Gulf Research & Devel. Co., Drawer 2038, Pitts- 
burgh 380, Pa. 

Ender, Joseph Jack (J’43) (CJMOLB), Asst. Ch. 
Engr., Grand Rapids Brass Co., 90 Scribner Ave., 
Grand Rapids 6; for mail, 101 Gold, S.W., 
Grand Rapids 4, Mich. 

Endicott, George (45) (CJM), Engr., Morgan 
Constr. Co., 15 Belmont St., Worcester 5, Mass. 

Endlich, Wm. H. G. (23) (EFS), Asst. Leading 
Mech. Draftsman, OConsltd. Edison Co. of Noes 
Inc., 4 Irving Pl., New York 3; for mail, 180 
Saratoga Ave., Brooklyn, NEM 

Endsley, Louis E. (13) (FKR), Cons. Engr., 
616 East End Ave., Pittsburgh, Pa. 

Enell, John Warren (J’40) (OMDACJ), Project 
Engr., Ignition Systems, Wright Aero, Corp., 
132 Beckwith Ave., Paterson 3; for mail, 259 E. 
38rd St., Paterson 4, N.J. 

Enes, James T. (718; ’35) (BIN), Asst. Dist. 
Engr., Ind. Harbor Works, Youngstown Sheet & 
Tube Oo., East Chicago, Ind. ; for mail, 8013 S. 
Harper Ave., Chicago 19, Tl. 

Engberg, Ralph Edwin (45) (NBHC), Design 
Engr., Allied Control Co., Inc., 2 East End Ave., 
New York 21; for mail, 179 Christopher Ave., 
Brooklyn 12, N.Y. 

Engblom, Alex. N. (714; 735; ¥’38) (CFMSTY), 
Dir., Tech. Mgr., Boris Wiifveri Aktiebolag ; 
for mail, Varbergsvigen 25, Boras, Sweden. 

Engdahl, Richard B. (J’40) (FKSBRZ), _Re- 
search Engr., Battelle Memorial Inst., 505 King 
Ave.. Columbus 1, Ohio. 

Engdahbl, Richard Emanuel (J’44) (ZOYNKH), 
Automatic Controls Engr., Natl. Advis. Com. for 
Aero., Cleveland Airport, Cleveland; for mail, 
17408 Dartmouth, Cleveland 11, Ohio. 

Engebretson, Paul Albert (J’46) (AGL), 1124— 
6th St., Brookings, S.D. 

Engel, Carl R. (’42) (FESLDW), Mech. Engr., 
Great Lakes Carbon Corp., 333 N. Michigan Ave., 
Chicago, Ill.;_ for mail, Box 131, Route 1, 
Chesterton, Ind. 

Engel, Fred Charles (3°48) (DBLJ), Engr., 
Westinghouse Elec. Corp., Wilkins Ave., Balti- 
more; for mail, 3315 Gwynns Falls Pkwy., Balti- 
more 16, Md. 

Engel, R. A. (J’37) (LS), Ch. Engr., Fisher 
Governor Co.; for mail, 609 W. Main St., Mar- 
shalltown, Iowa. 


Engelbach, Byron Adoph (’45) (LNBDCO), Plant 
Engr., New England Confectionery Co., 
Massachusetts Ave., Cambridge 39; 
Box 107, Walpole, Mass. 

Engelking, Walter Wm. (720; 7913735) (NBD 
HO), Ch. Engr., Superior Iron Works Co., 302 
Grand Ave.; for mail, 36 Laurel Ave., Superior, 

is. 

Engelman, William Henry (273735) (SFH), 
Mech. Engr., Water Dept., City of Cleveland, 
616 St. Clair Ave., Cleveland 14; for mail, 2184 
Niagara Dr., Lakewood 7, Ohio. 

Engels, Eugene 0. (740) (CK), Dir. of -Engrg., 
Baker Perkins Inc., Hess & Williamson Sts., 
Saginaw, Mich. 

Engelson, Howard Richard (J’45) (CJM), Asst. 
Engr., Fed. Mfg. & Engrg. Corp., 199-217 
Steuben St., Brooklyn 5, N.Y. 

Enger, Robert Carlson (J’43), Design Engr., 
Linde Air Products Co., Tonawanda; for mail, 
593 W. Ferry St., Buffalo 13, N.Y. 

Engesser, William Frederick (J’41) (CLMO), 
Asst. Prof., Ore. State College, Corvallis, Ore. 
England, Frederic Earl (J’43) (FKS), 14616 

McKinley Ave., R.F.D., Harvey, Ill. 

Engle, Edgar W., Jr. (J’41) (OMJ), 911 N. 
Connecticut, Royal Oak, Mich. 

Engle, Melvin Darke (’22; ’31) (SFCDH), Mech. 
Engr., Head Mech. Engrg. Dept., Pa. Power & 
Light Co., 9th & Hamilton Sts. ; for mail, 1610 
Walnut St., Allentown, Pa. 

Engle, Robert Worden (J’43) (MCDJ), Ensign, 
0-(V)S, U.S.N.R., PL-1, Bur. of Ord., Navy 
Dept., Washington, D.C. 

Englehardt, Herbert Maser (J’45) (BCFM), 
Ensign, U.S.N.R., for mail, 10 Inwood Dr., 
Rochester 10, N.Y. 

Engler, Walter George (’44) (CD), West. Mer., 
Gifford Wood Co., 565 W. Washington St., Chi- 
cago 6, Ill. 

English, Earl F. (40) (CLEYO), V.P., W. A. 
Beenie Co., 155 Sansome St., San Francisco 4, 

alif. 

English, Fred Steele (’22) (GBNO), Cons. Engr., 
Retired ; 45 Squire St., New London, Conn. 

English, Marvin Lee (J’41) (SEKA), 512 W. 
22nd St., Minneapolis, Minn. 

English, Philip Henry (A’28) (MJZC), Treas., 
New Haven Clock Oo., 133 Hamilton St., New 
Haven, Conn. 

English, Walter Myron (’35) (RMFCNB), Exec. 
V.P., Hanna Stoker Co.,-5217 Brotherton Rd. ; 
for mail, 3765 Harvard Ave., Mariemont, Cin- 
einnati 27, Ohio. 

Englund, John E. (J'36) (NBJMYW), Assoc., 
Mech. Engrg., Dept. of Mech. Engrg., Columbia 
Univ., New York 27, N.Y. 

Engvali, Harry (’43), Asst. Ch. Engr., Helical 
Gear Dept., De Laval Steam Turbine Co., 
Trenton, N.J. 

Eni, Louis Joseph (J’44), Seaman, Ist Class, 
(R.D.M.), LSM-388, F.P.0., San Francisco, 
Calif.; for mail, 1525 S. 10th St., Philadelphia 


(CR), Asst. to 
V.P., Am. Car & Fdy. Co., 30 Church St., New 
YOVGES RNG 

Ennis, James Edward (’40) (EFKRS), Engrg. 
Asst., N.Y. Cent. R.R. Co., 466 Lexington Ave., 
New York 17, N.Y. 

Ennis, Joseph Burroughs (’09; F’45) (EFJKRS), 
Sr. V.P., Am. Loco. Co., 30 Church St., New 
York 8, N.Y.; for mail, 9 Pope Rd., Paterson, 


N.J. 

Ennis, Robert L, (’41) (LSCDZH), Ch. Engr., 
Peter Cailler Kohler Swiss Chocolate Co., 555 Ss. 
4th St., Fulton, N.Y. 

Ennis, Walter Monroe, Jr. (J’41) (BMC), Ist 
Lt., Signal Corps, U.S.A., 696th Sig. Aircraft 
Warning Co., A.P.O. 915, c/o Postmaster, San 
Francisco, Calif. 

Ennis, William Duane (’98; 707; ¥’39) (CMOL), 
Treasurer, A.S.M.E., 735-44; R.F.D. 1, Wyckoff, 
NJ. 


for mail, 


Eno, Wilber Sayre (‘35;’45) 
Tech. Staff, Bell Tel. Labs., 
York 14, N.Y. 

Enochian, Warren 8S, (J’44), Box 575, Route 10, 
Fresno, Calif. 

Ensign, Joseph D. (J’44) (EHS), 8456 Burns, 
Detroit 14, Mich. 

Ensinger, Willis Bernard (331) (NABZSH), 
Prin. Engr., Bur. of Ord., Navy Dept., 17th St. 
& Constitution Ave., Washington, D.C.; for mail, 
8303 Colesville Rd., Silver Spring, Md. 

Enterline, Stevenson Monroe (J’41) (SNKDGZ), 
Jr. Mech. Engr., Devel. Engrg. Sec., Tech. Div., 
N.J. Zine Co. of Pa., 4th St., Palmerton; for 
mail, 235 Hoffman Blvd., Ashland, Pa. 

Enz, Karl (’20), Charge of Co. Engrg. Activities, 
China Corp., 20 Pine St., New York, N.Y. 

Enzinger, L. Leonhard (J’43) (MOBDC), Indus. 
Mech. Engr., Am. Tool Engrg. Co., 1775 Broad- 
way, New York; for mail, 496—4th St., Brook- 
lyn, N.Y. 

Epley, Frederic I. (28; 735) (KFJBS), Super- 
heater Engrg., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York 16; for mail, 79 Cedar 
‘Ave., Rockville Centre, N.Y. 

Eppelsheimer, Paul Cyril (45) (KS), Steam 
Specialist, Westinghouse Elec. Corp.; for mail, 
2341 Dellwood Dr., N.W., Atlanta Ga. 

Eppink, Herman John (J’42) (EFSNRO), 311th 
Engr. Bn., A.P.O. 450 c/o Postmaster, San Fran- 
cisco, Calif. ; for matl, Sioux Center, Iowa. 
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(MJBC), Mem. 
463 West St., New 


ERNST 


Eppler, Albert L. (J’40) (CMJ), Mfg. Supt., 
Spec. Products Wiv., Thomas A. Edison, Inc., 
51 Lakeside Ave.; for mail, 29 Mt. View St., 
West Orange, N.J. 

Epstein, Leonard Ira (J’45) (BJNDA), Pvt., 
U.S.A., Okinawa Univ., G-3 Obascom, A.P.O. 
831, c/o Postmaster, San Francisco, Calif.; for 
mail, 801 West End Ave., New York 25, N.Y. 

Epstein, Nathan (J’40) (MNOCLJ), Co-Owner, 
Engr., Designer, Accurate Mch. & Mfg. Co., 128- 
88 Mott St., New York 13; for mail, 45 Linden 
Blvd., Brooklyn 26, N.Y. 

Epstein, Sherwin (J’38) (ASZ), Ensign, U.S.N.R., 
1312 E. California St., Pasadena 5, Calif. 

Erb, Edmund M, (’18;’35) (ABHJ), Ch. Engr., 
Hartford Spec. Mchy. Co., 287 Homestead Ave., 
Hartford 5, Conn. 

Erb, Harold E. (’38) (CES), Supt. Engrg. & 
Maint., Abraham & Straus, Inc., 420 Fulton St., 
Brooklyn; for mail, 130-25—226th St., Laurel- 
ton, L.I. 18, N.Y. 

Erb, Lester D, (J’40) (JMNKB), Welding Engr., 
Bur. of Reclamation, Dept. of Interior, New 
Oustomhouse, Denver 2; for mail, 1470 S. Birch, 
Denver 7, Colo. 

Erdahl, John Maynard (J’41) (NBJHMC), Asst. 
Mech. Engr., Elec. Control Div., Allis-Chalmers 
Mfg. Co., West Allis; for mail, 2574 N, 64th 
St., Wauwatosa 13, Wis. 

Erdman, Francis Hickok (J’44) (BANYO), Sr. 
Engr., Wright Aero. Corp., Paterson; for mail, 
568 Doremus Ave., Glen Rock, N.J. 

Erdman, Frederick Seward (’28;’36) (HKR 
SW), Assoc. Prof. Mech. Engrg., Cornell Univ., 
Ithaca, N.Y. 

Erdoss, Bela Kalman (743) (ABHZTO), Re- 
search Assoc., Asst. Prof., Dept. of Mech. Engrg., 
Lehigh Univ., Bethlehem; for mail, 1584 Shaw- 
nee Ave., Easton, Pa. 

Ergeneman, Nuh (J’46) (ABK), Jr. Test Engr., 
Hudson Motor Car Co., Detroit 14; for mail, 
1256 Newport St., Detroit 15, Mich. 

Ergler, Paul Charles (J’41) (ABNMJC), Sr. 
Stress Analyst, Glenn L. Martin Co., Baltimore ; 
for mail, 5317 Plymouth Rd., Baltimore 14, Md. 

Erhard, Ralph, Jr. (J’40) (ACF), Matls. Engr., 
Westinghouse Elec. Corp., East Pittsburgh; for 
mail, 818 Hill Ave., Wilkinsburg, Pa. 

Erhard, William Arnold (’45) (MNJCLY), Instr., 
Stevens Inst. of Tech., 5th & Hudson St., Ho- 
boken; for mail, 711—80th St., North Bergen, 


N.J. 

Erhardt, Walter Louis (’39;’45) (DCHMZ), 
Mech. Engr., Florence Pipe Fdy. & Mch. Co., 
Florence; for mail, 184 Warren St., Beverly, 


N.J. 

Erickson, Alfred Louis (’25;’32;’35) (SFK), 
V.P., J. T. Thorpe, Inc., 948 E. 2nd St., Los 
Angeles 12, Calif. 

Erickson, Arnold C. (J’41) (CES), Marlow 
Pumps, Ridgewood; for mail, 48 Rock Rd., Glen 
Rock, N.J. 

Erickson, E, Vincent (J’39) (CHM), V.P., Gen. 
Mgr., Wm. H. Keller, Inc., Fulton St., Grand 
Haven, Mich. 

Erickson, Edward A. (J’37) (FSNKBJ), Re- 
search Engr., Fuels & Combustion Equip., Bat- 
telle Memorial Inst., 505 King Ave., Columbus 
1, Ohio. 

Erickson, Edward Allen (’42;’44) (DKLMOZ), 
Mech. Engr., Commercial Solvents Corp., 1331 
S. Ist St., Terre Haute, Ind. 

Erickson, Erick Gustaf (’28;’35) (NMCBDJ), 
Am. Mch. & Metals, Inc., East Moline; for mail, 
2419—11th Ave. A, Moline, Il. 

Erickson, Harry A. (J’43) (ABHRS), Mech. 
Engr., D. A. Stuart Oil Co. Ltd., 2727 S. Troy 
St., Chicago 23, s00m 

Erickson, Ole Peter (’28) (HNBJSE), Gen. Supt., 
Hendry Oorp., Rattlesnake; for mail, 819 Grove 
Park Ave., Tampa 6, Fla. 

Erickson, Ralph Erick E. (’32;’42) (NCBT), 
Sales Megr., Speed Selector, Inc., Noble Court, 
Cleveland; for mail, 2629 Kingston Rd., Cleve- 
land Heights 18, Ohio. 

Erickson, Robert (J’27) (CJM), Plant Mer., ROA 
Victor Div., Radio Corp. of Am., 501 N. La 
Salle St., Indianapolis, Ind. 

Erickson, Robert Frederick (J’42) (ABMJYC), 
1838 Rosedale Ave., Chicago 40, III. 

Erickson, Waldemar John (J’45) (EKJNB), 
Ensign, U.S.N.R.; 6636 N. Glenwood Ave., Chi- 
cago 26, Ill. 

Ericson, Franklin Rutger (25;’35) (ERSBJ), 
Engr., Turbine Div., Gen. Elec. Co., 166 Broad 
St., Fitchburg, Mass. 

Erikson, Arthur (’26) (DLBK), Designing Engr., 
Am. Smelting & Refining Co., Salt Lake City; 
ea tas 135 S. 6th East St., Salt Lake City 2, 

ah. 

Erkeneff, Nicholas (J’41) (ABR), Lt., Army Air 
Forces, 1469th Base Unit, Air Trans. Comd., 
A.P.O. 947, c/o Postmaster, Minneapolis, Minn. 

Erlick, Preston Sumner (J’45) (AEO), c/o Mrs. 
Archer, 31 Long Dr., Hempstead, Tides Nowe 

Ermenc, Joseph John (J’34) (EKHF), Prof. 
Mech. Engrg., Thayer Sch. of Engrg., Dartmouth 
College, Hanover, N.H. 

Ernest, Edward William (41) (CDJLMY), 
Supt., Punching Tool & Die Div., Gen. Elec. Co., 
1 River Rd., Schenectady 1; for mail, 2249 
Grand Blvd., Schenectady 8, N.Y. 

Ernst, Alfred Fasset (09; ’14) (CKSEL), Assoc., 
George H. Corey, 20 Exchange Pl., New York 5; 
for mail, Apt. 416B, Fenimore Cooper House, 
Larchmont Acres, Larchmont, N.Y. 


ERNST 


Ernst, Carroll Auld (J’38) (HJY), Asst. to Ch. 
Engr., Smart Turner Mch. Co. Ltd., 191 Barton 
St. E.; for mail, 283 Victoria Ave. N., Hamilton, 
Ont., Can, 

Ernst, Frederick C, (’31) (SJMLHY), Ch. Engr., 
Jenkins Bros., 80 White St., New York 13; 
for mail, 199-08—100th Ave.,. Hollis, L.I., N.Y. 

Ernst, Hans (’26; F’44) (MBJAOH), Research 
Dir., Cincinnati Milling Mch, Co., Marburg Ave., 
Cincinnati 9, Ohio. 

Ernst, John Price (J’43) (HKS), Sr. Engr., 
Kaiser Engrs., Inc., Kaiser Bldg. ; for mail, Apt. 
2, 2654 Harrison St., Oakland 12, Calif. 

Ernst, Walter (’28;’35) (HYNOLB), V.P. for 
Engrg., Commonwealth Engrg. Co., 1771 Spring- 
field, Dayton 3; for mail, R.F.D. 2, Mt. Gilead, 


Ohio. 
Eron, Lewis John (’48) (KSH), 195—2nd St. N.; 
for mail, 931 Gardner St., Wisconsin Rapids, Wis. 
Erskine, James Harold (’83;’88) (SFC), Supt., 
Ghifteide Steam Sta., Duke Power Co., Cliffside, 


Erskine, Walter H, >) (RM), Mfrs. Rep., 2371 
Chileombe Ave., St. Paul, Minn. 

Ersted, Gordon Theodore (J’42) (CMJDNY), 
Mech. Engr., Maint. Engrg., Fisher Body Div., 
Gen. Motors Corp., 4800 S. Saginaw St., Flint 2; 
for mail, 906 Garland St., Flint 4, Mich. 


Ervin, Fred Reid (J 46), Instr., Mech. Engrg. 
Dept., Duke Univ.; for mail, 2111 Club Blvd., 
Durham, N.C. 

Ervin, Thomas Callaway (’27; ’35) (CMS), 


Pres., Lucey Boiler & Mfg. Corp., 1514 Chestnut 
St., Chattanooga; for mail, 1117 E. Brow Rd., 
Lookout Mt., Tenn. 

Erway, Charles Albert (J’43) (SLNOFA), 2nd 
Asst. Engr., U.S. Lines, Pier 62, New York; for 
mail, 826—48rd St., Brooklyn 32, N.Y. 

Erwin, Henry Parsons (’24) (CWMH), Lt. Col., 
Ord. Reserve; 723—15th St., N.W., Washington 


5, D.O. 

Erwin, Walter Clark (J’37) (ATHF), Bellevue, 
Morganton, N.C. 

Eschborn, Ralph John (J’44) (ABCKN), Capt., 
Army Air Forces, Chief, Eng. Unit, Equip. Lab., 
Engrg. Div., Air Tech. Serv. Comd., TSEPE- 6K, 
‘Area “8, Wright Field; for mail, 104 “Oxford ‘Ave., 
Dayton, Ohio. 

Escher, William Franklin (’42; ’44) (OCLS), Ch. 
Mech, Engr. with Albert CO. Martin, 233 Higgins 
Bldg., Los Angeles 12, Calif. 

Esdaile, Hector Milton (J’44) (SFKRB), Supt., 
Combustion Engrg. Corp. Ltd., 540 Dominion Sq. 
Bldg., Montreal, Que., Can. 

Eserkain, Theodore Fredrick (J’33 ; 39) (BO 
HO), Cons. Engr., 2250 N. 62nd St., Wauwatosa 


13, Wis. 

Eshelman, Clarence M. (718) (CBYWJ), 4937 
Hartwick St., Los Angeles 41, Calif. 

Eshelman, Joseph William (’26; ’39) (SAFZLK), 
Manager, ’39-’42, Vice-President, ’42-’44; Owner, 
Jos. W. Eshelman & Co., 1116-21 Martin Bldg., 
Birmingham 3, Ala. 

Eshelman, Rodney L. (’37;’46) (CJKLSM), Area 
Maint. Supt., E. I. du Pont de Nemours & Co., 
Box 993, Charleston, W.Va. 

Esherick, George, Jr. (715; ’20) (OFKRSZ), Job 
Engr., Kellex Corp., 233 Broadway, New York; 
for : mail, 42 Longview Rd., Port Washington, 1 

a 


N. 

Eskin, Samuel G. (’26; ’42) (ABL), Dir. of Re- 
search, Research Lab., Robertshaw Thermostat 
Co., 1201 Washington Blvd., Pittsburgh, Pa. ; 
Dir. of Research & Devel., Grayson Heat Control, 
Ltd., 833 N. Highland Ave., Los Angeles 38, 
Calif. (use latter address for mail). 

Esposito, Daniel J. (J’39) (FSZK), Results Engr., 
United Illum. Co., 1115 Broad St., Bridgeport 1; 
for mail, 126 Savoy St., Bridgeport 6, Conn. 

Espy, Melvin Paul (J’34) (AB), Gp. Engr., 
Engrg. Test Dept., Glenn L. Martin Co., Middle 
a for mail, Green Spring Ave., Lutherville, 


Espy, William Nelson (’21;’35) (ABEKSZ), 
Prof. Mech. Engrg., Univ. of Ill.; for mail, 608 
W. Nevada St., Urbana, Il. 

Esselman, Richard B. (’37;’45) (CDMY), Maint. 
Supt., B. F. Goodrich Co., 5400 E. Olympic, Los 
Angeles 22; for mail, 810 King St., San Gabriel, 


Cal 

Gesslsiyny Heoe Se H. (’09) (CDLMOY), Partner, 
W. A. & H. H. Esselstyn, 1185 Majestic Bldg., 
Detroit 26, Mich. 

Essex, Thos, J, (’30), Oper. & Maint., Kansas City 
Power & Light Oo.; for mail, 4944 Lydia Ave., 
Kansas City, Mo. 

Estabrook, Mansfield (03; 719) (J), Brown, 
Wheelock, Harrie Stevens, Ine. ., 22 EB. 40th St. 
New York 165 NY 

Estcourt, Vivian F. (27; 732) (SCFJHE), Asst. 
Engr. of Opera., Pacific Gas & Elec. Co., 245 
Market St., San Francisco 6, Calif. 

Estep, Adrian Clarence (’45), 2514 Calhoun St., 
Seattle 2, Wash. 

Estep, Frank Leslie (719) See Cons. Engr., 
101 Park Ave., New York 17 

Estep, Thomas G, (’19) (SRE). Acting Head, 
Dept. of Mech. Engrg., Carnegie Inst. of Tech. 
Pittsburgh 13, Pa. 

Esterly, John Reese (J’43) (AJNZEM), Mech. 
Engr., Natl. Advis. Com. for Aero., Cleveland 
Airport, Cleveland; Ine mail, 16614 W. Park 
Ave., Cleveland 11, Ohi 

Estes, Howard M, C37) “(HLJSB), Struc. Engr., 
Stone & Webster Engrg. Corp., 49 Federal St., 
Boston; for mail, 27 Wolcott Rd., Milton 86, 
Mass. 


Estes, Hugh Howard (J’40) (AC), 1st Lt., Army 
Air Forces, Engrg. Officer, Hdq., South Atlantic 
ne Air Transport Comd., A. P.O. 648, Miami, 


Estey, Charles Gurley (J’42) (ECJMYA), Estey 
aes Co., 1006 Metropolitan Ave., Brooklyn 6, 


eietindat Herbert (’40) (FHS), Supt., Economy 
Div., Poe Elec. Co., Edison Bldg. .» Phila- 
delphia, Pa. 

Etchen, Harold Graham (’88;’45) (OMNJS), 
Mfg. Engr., Steam Div., Westinghouse Elec. Corp., 
Lester Branch 1TERORR Philadelphia 13; for mail, 
605—10th Ave., Prospect Park, Pa. 

Etlin, Henry Bernard (J’42) (AC Lap Pres., Gen. 
Mer., H.B. Etlin Mfg. Co., 35 Golden Ave. 3 for 
mail, 7 Chadwick Ave., Toronto, Ont., 

Etter, Lewis Fort (J’35) (MOR), Prod. “Control 
Mgr., Preco, Inc., 960 E. 61st St., Los Angeles ; 


for mail, 1484 Cambridge Rd., San Marino 9, 
Calif. 
Ettinger, Jacob (J’45) (CMO), Sales Engr., 


Empire Design Corp., 1560 Broadway, New York 
19; for mail, 307 W. 79th St., New York, N.Y. 
Ettorre, James Edward (J’44) ‘(NBJML), Design 
Bute, Bullard Co., 286 Canfield Ave., Bridgeport 

3; for mail, 187 Berwick Ave., Bridgeport 5, 


bin mn, 

Eubank, Carl Neal (A’45) (CS), Dist. Sales Mgr., 
Mex. Refractories Co., 1731-33 Walnut St., 
Kansas City 8; for mail, 19 E. 68th St., Kansas 
City 5, Mo. 

Eubank, Clifford Joseph, Jr. (J’40) (KOA), Fos- 
dick & Hilmer, 4th & Walnut St., Cincinnati, 
Ohio; for mail, Box 360, Route 4, Erlanger, Ky. 

Euvrard, LeRoy Eugene (J’45), Sr. Serv. Engr., 
Ford Instrument Co., Long Island City; for mail, 
501 W. 121st St., New York, N.Y. 

Evans, Benjamin G. (J’88) (EFS), Lt. (j.g.), 
U.S.N.R., 383 Angelo Dr., Corpus Christi, Tex. 
Evans, Brian Douglas (3°39) (ACJM), Engr., 
Grumman Aircraft Engrg. Corp., Bethpage; for 
mail, 48 Thompson Pk., Glen Cove, A eR 
Evans, Charles Snyder (J3’39) (LESRDZ), Jr. 
Mech. Engr., Socony-Vacuum Oil Oo., Inc., 37-98 
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Engr., Rudy Furnace Oo.; for mail, 106 Green, 
Dowagiae, Mich. 

Florek, Ralph Stephen (J’41) (CMY), Ch. Engr., 
mre Enameling & Mfg. Co., West Lafayette, 
Ohio. 

Florin, Urban Albert (J’43) (ASJBHK), Engrg. 
Apprentice, Indus. Engrg. Dept., E. J. Brach & 
Sons, 4600 W. Kinzie, Chicago; for mail, 3912 
N. Kenneth, Chicago 41, Ill. 

Florschutz, Fritz Edmund (’44) (NJBOMO), 
Chief, Drawing Office, Switch Gear Div., Westing- 
house Elec. Corp., East Pittsburgh; for mail, 12 
Hawthorne Rd., Pittsburgh 21, Pa. 

Flounders, James McCay (J’41) (YOM), Sales 


Cons. 


Engr., B. F. Goodrich Co., 500 S. Main St., 
Akron, Ohio. 
Flower, Ad (’24) (SFKICO), Sales Mgr., New 


York Office, Edge Moor Iron Works, Inc., 7204 
Empire State Bldg., New York 1, N.Y.; for mail, 
819 N. Harrison St., Wilmington 82, Del. 
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Flowers, H. Fort (’39) (DMR), Pres., Gen. Mgr., 
Differential Steel Car Co., Findlay, Ohio. 

Flygare, Carl G., Jr. (J’41), 116 Forest St., 
Worcester 5, Mass. 

Flyke, Milton Joseph (J’45) (SNKMOH), 606 S. 
Scoville Ave., Oak Park, Il. 

Flynn, Charles Andrew (’16) (BCDMOZ), V.-P., 
Treas., Flynn-Hill Elevator Corp., 6 Howard St., 
New York 18, N.Y. 

Flynn, Edward David (’38) (LHCY), Ch. a He 
Oliver United Filters, Inc., 2900 Glascock St., 
Oakland 1, Calif. 

Flynn, John Bernard (’44) (BCHJMY), Exper. 
Engr., Fisher Body-Ternstedt Div., Gen. Motors 
Corp., 6307 W. Fort St., Detroit 9; for mail, 
2253 Gladstone Ave., Detroit 6, Mich. 

Flynn, John V. (J’40) (CFS), 49 Dixie Dr., Penns 
Grove, N.J. 

Flynn, Michael Henry (713) (CMNDB), Methods 
& Layout Engr., Royal Typewriter ‘Co., Inc., 150 
New Park Ave., Hartford 6; for mail, 113 
Whitney St., Hartford 5, Conn. 

Flynn, Roland W. (’41) (EJLSBM), Div. Lub, 
Engr., Gulf Oil Corp., 17 Battery Pl., New York 


GU SNEXG 

Flythe, John Thomas, Jr. (J’48) (JNMO), Jr. 
Design Engr., Richmond Engrg. Co., Inc., 7th 
& Hospital Sts., Richmond 5; for mail, 2708 
Chamberlayne Ave., Richmond 22, Va. 

Foard, Castle W. (’36) (BAZM), Physicist, Devel. 
Dept., Camera Works, Eastman Kodak Co., 333 
State St., Rochester 4, N.Y. 

Fobian, George Willard (J’42), Design Engr., 
Lister-Blackstone, Inc., 1706 S. 68th, West Allis ; 
for mail, 129 N. 91st Pl., Milwaukee, Wis. 

Fobian, Robert John (J’40) (HMCAEL), Mech. 
Engr., Devel. Work, Oilgear Co., 1403 W. Bruce 
St., Milwaukee 4; for mail, 1733 8S. 76th St., 
West Allis 14, Wis. 

Fodor, Nicholas (’24;’30) (ERHAO), Pres., Ch. 
Engr., Diesel Engrg. & Mfg. Corp., 200 N. Laflin 
St., Chicago 7; for mail, 885 Greenwood Ave., 


Wilmette, Il. 

Foell, Charles Francis (J’41) (ERS), Tech. 
Writer, Editor, Socony-Vacuum Oil Co., Inc., 
26 Broadway, New York 4; for mail, 32-18 Bell 
Blvd., Bayside, N.Y. 

Fogarty, Wm. Bailey (’45), Comdr., U.S.N., Re- 
tired ; 624 Lincoln Ave., Cincinnati, Ohio. 

Fogel, Jerome J. (J’40) (MCJD), Prod. Engr., 
Automotive Specialty Co., Inc., 882-386 Jeffer- 
son St., Brooklyn 6; for mail, 105 Buckingham 
Rd., Brooklyn 26, N.Y. 

Fogelson, Emile (’27) (NAJDSY), Charge Mch. 
Design, Prod. Methods, Inc., 48 E. 43rd St., New 
York 17; for mail, 410 Central Pk. W., New 
York 25, N.Y. 

Fogelsonger, Robert B. (J’40) (MSC), 100 Maple 
St., Clarence Center, N.Y. 

Fogg, Oscar H. (’07; 713), Chmn. of Exec. Com., 
Consltd. Edison Co. of N.Y., Inc., 4 Irving Pl., 
New York 3, N.Y. 

Fogg, William Raymond (’21) (OL), Arch. 
Engr., Partner, Ballinger Co., 105 S. 12th St., 
Philadelphia 7; for mail, 41 W. Stratford Ave., 
Lansdowne, Pa. 

Fogler, Ben Baker (’12;’18;’22) (OLT), Sr. 
Engr., Arthur D. Little, Inc., 30 Memorial Dr., 
Cambridge 42, Mass. 


Fogwell, J. Wray (J’40) (ABJ), Mech. Engr., 


Cuno Engrg. Corp., 80 S. Vine St., Meriden; for 
mail, 47 Berkley Court, Southington, Conn. 

Foley, Edward Michael (J’41) (SLKE), Lt. 
(j.g.), U.S.S. Midway, F.P.0., New York, N.Y.; 
“for mail, 3443 N.E. 35th Ave., Portland, Ore. 

Foley, Glenroy B. (’28;’40) (C), Mech. Engr., 
Bur. of Ships, Navy Dept., Washington, D.C. ; 
for mail, Box 104, Ridlonville, Me. 

Foley, Jas. A. (’29), Mech. Bridge Engr., Hud- 
son County Engrg. Dept., Court House; for mail, 
439 Fairmont Ave., Jersey City, N.J. 

Foley, Matthew J. (J’40), Jr. Mech. Engr., with 
W.F. Tuttle, Works Engr., Am. Rolling Mill Co. ; 
for mail, 2367 Tytus Ave., Middletown, Ohio. 

Foley, Raymond B, (’45) (DHKS), Supvr., Dust 
Collector Research, Am. Blower Oorp., Detroit 
82, Mich. 

Foley, W. S. (’87) (HECJ), Asst. Engr., Distri- 
bution & Transmission, Bur. of Water, City of 
Philadelphia, 829 City Hall Annex, Philadelphia ; 
for mail, 750 Adams Ave., Philadelphia 24, Pa. 

Foley, Walter Joseph (’10;’23) (HDO), Dredg- 
ing Engr., Stand. Dredging Corp., 800 Central 
Bldg., Los Angeles 14, Calif. 

Follari, Salvatore (J’46), 
Power Co., Stamford, Conn. 

Folmsbee, Clyde Henry (’39) (RCBMKH), Asst. 
Mech. Engr., Am. Car & Fdy. Co., Oak & 9th 
Sts., Berwick; for mail, 344 E. Main St., Blooms- 
burg, Pa. 

Folsom, Richard Gilman (’29;’40) (HABZ), 
Assoc. Prof. Mech. Engrg., Univ. of Calif., Berke- 
ley 4, Calif. 

Foltz, Raymond D. (’21;’25;’85) (CFJKMS), 
Pres., M. H. Detrick Co., 21 West St., New York 


Petroleum Heat & 


Folz, Joseph James (J’40) (LKSFBC), Process 
Engr. (Project), E. I. du Pont de Nemours Co., 
9498 Nemours Bldg., Wilmington, Del. < 

Fomilyant, Anatol A. (’45) (CBJLMH), Partner, 
All Am. Fabricators, 2201 E. 51st St., Los An- 
geles 11; for mail, 3554 Mountain View Ave., 
Pasadena 8, Calif. 


| Fonda, Frederick Anthony (J’43) (CFS), Lt. 
(j.g.), U.S.N.R., U.S.S. Greene, F.P.O., San Fran- 

| cisco, Calif. 

Foody, John Joseph (’44) (SEKHCO), Mech. 

. BEngr., Ebasco Services Inc., 2 Rector St., New 
York 6; for mail, 3321 Bruckner Blvd., New 
York 61, N.Y. 

| Foord, James L. (15) (R), R.D. 5, Canoga Rd., 
Auburn, N.Y. 

Foote, Avery George (’43), Regional Engr., Frigi- 
daire Div., Gea. Motors Corp., 1250—58rd St., 
pe cand 8; for mail, 365 Vermont Ave., Berkeley 

hi 7, Calif. 

!. Foote, Earl Eastman (’43) (CKS), Oh. Engr., 
Consumers Cent. Heating Co., 108 E. 11th St.; 
for mail, 3412 N. 28th St., Tacoma, Wash. 

Foote, Frederick David (A’36) (RAW), Partner, 

iz pe Devel. Co., 1102 Park Bldg., Pittsburgh 
22, Pa. 

“- Foote, Lawrence Rossiter (J’43) (BMOSJA), 

| Manhattan Project, Det. 2, Hanford Engr. Works, 

Richland, Wash. 

- Foote, Leonard (’22;’28), 

Palo Alto, Calif. 

Foote, Samuel David (46), Res. Engr., British 

: Am. Oil Co., Ltd., Box 279, Calgary, Alta., Can. 

Foote, William Russell (J’37) (AB), Engr., Gen. 

Elec. Co., 5 Lawrence St., Bloomfield, N.J. 

Forbes, F. Powell (’38; 745) (WCS), Megr., 

Engrg. & Fabrication Div., Weyerhaeuser Timber 

i Co., Box 629, Newark 1, N.J. 

Forbes, James Bellingham (35; 735) (LSCYW), 
‘Alco Products Div., Am. Loco. Co., 30 Church 
St., New York 8, N.Y. 

Forbes, John A., Jr. (J’39) (AHS), Engr., 
Hercules Powder Co., Radford; for mail, 510 

__ Progress St., Blacksburg, Vay 

Forbes, John Dubler (J’41) (WONM), Pres., 

: Triboro Woodworking Mchy., Inc., 147 Grand 
St., New York 13, N.Y. 

Forbes, Robert Thomson (’21) (FKS), New 
England Rep., Green Fuel Economizer Co., Pea- 
body Engrg. Co., Am. Engrg. Co., Buell Engrg. 
Co., Marley Co., Equipoise Controlls, 201 Devon- 
shire St., Boston 10; for mail, 448 Woodward 
St., Waban 68, Mass. 

Forbes, William Gordon (’45), Lub. Engr., Tide 
Water Associated Oil Co., 17 Battery Pl., New 
York 4; for mail, 215-37—43rd Ave., Bayside, 


Male, (NAY 

Ford, Albert D., Sr. (’38) (EFKS), Head, Mech. 
Engrg. Dept., Univ. of New Mex., Albuquerque, 
New Mex. 

Ford, Albert Duane, Jr. (J’42) (EKS), Westing- 
house Elec. Corp., 309 S.W. 6th Ave., Portland 


4, Ore. 
Ford, Arthur Samuel (718; ’35), Dir., Direc- 
torate of Tech. Practice, Dept. of Munitions, 
= “Burke House”, 340 Collins St., Melbourne, C. 
1, Australia. 
| Ford, Edward Eugene (J’41) (OMT), Engrg. 
: Dept., Fulton Bag & Cotton Mills, 170 Blvd., 
$.E.; for mail, 1230 Briarwood Dr., N.E., At- 
Janta, Ga. , 
Ford, H. Stanley (’21;’35) (KSFCEL), Vib: 
Gen. Megr., Corp., 2842 W. 
Grand Blvd., Detroit 2, Mic 
| Ford, 


1025 Lincoln Ave., 


(20), Editor, Motorship, Diesel 
Publications, Inc., 192 Lexington Ave., New 
ri York 16, N.Y. 

_ Ford, Norman Michael (J’42) (NESM), Devel. 
: Engr., Schirgun Corp., 186 W. 52nd St., New 
York; for mail, 1219 48rd St., Brooklyn 19, 


| 
[gp _ N.Y. 

_ Ford, Robt. E, (19) (BHM), Partner, Luther 
I Ford & Co., 100 N. 7th St.; for mail, 2540 


Humboldt Ave. S., Minneapolis, Minn. 

Ford, Thomas Henry (J’45) (KSHBNE), Mech. 
Engr., with E. E. Ashley, Cons. Engr., 10 HE. 
40th St., New York; for mail, 61-59—78th St., 

\@ Elmhurst, L.I., N.Y. 

Ford, William Blanchard, Jr. (J’44) (HKS), 
Test Engr., Ingersoll-Rand Co., Morris St.; for 
mail, Box 12, c/o Shipman, Phillipsburg, N.J. 

Ford, William F, (A’45) (ABEHNO), Mar. Supt., 
Bur. of Reclamation, U.S. Dept. of Int.; for 
mail, Box 425, Coulee Dam, Wash. 

Fordham, Nicholas Edmond (’30) (CHJORY), 
Retired; 537 N. Adams St., Glendale 6, Calif. 

Foreman, Arthur Sherlock (J’37) (ACMEZS), 
Spec. Lecturer, Dept. of Mech. Engrg., Univ. of 
Toronto, Toronto 5; for mail, 217 St. George 

i St., Toronto, Ont., Can. 

_ Foresman, Robert All (’19) (BODJK), Retired ; 

- 846—18th Ave., Prospect Park, Pa. 

Forfar, Donald Mirick (J’13) (FSACOH), Mech. 
Engr., Power Piping, Grinnell Oo., Inc., 240— 

\® wth Ave. §., Minneapolis 15; for mail, 4817 
2 Emerson Ave. §., Minneapolis 9, Minn. 

- Forhecz, Joseph Anthony (J’45) (NBJMOO), 
Engr., & Supvr., Forhez Tool Co., 10-20 Orient 
Way, Rutherford; for mail, 434 Lafayette Ave., 
Passaic, N.J. 

Forman, Armstrong Haslup (J’32) (MOLOD), 
61 Burkshire Rd., Towson 4, Md. 
Forman, Walter Wilbur (’29;’35) (SFECH), 

BE Asst. Gen. Supt. of Operas., Conn. Light & Power 
; Co., 250 Freight St., Waterbury ; for mail, South 

St., Middlebury, Conn. 
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Formanek, Frank J. (J’48) (EFSZ), Serv. & 
Erection Engr., Combustion Engrg. Co., Inc., 
200 Madison Ave., New York 16; for mail, 
1627 Bogart Ave., Bronx 61, N.Y. 

Fornes, Gaston G. (J’36) (BGM), Capt., U.S. 
Military Academy; for mail, 220 Lee Rd., West 
Point, N.Y. 

Forrest, H, Dean (’37;’46) (SFEKH), Power 
Engr., United Engrs. & Constructors, Inc., 1401 
Arch St., Philadelphia 5, Pa. 

Forrest, James (’17;’35) (COWJFA), Dept. 
Head, Oontract Estimating, Babcock & Wilcox 
Co., Stirling Ave.; for mail, 664 St. Clair Ave., 
Barberton, Ohio. 

Forrest, James Duncan (A’45) (BO), Safety 
Dir., Burrard Vancouver Dry Dock Co., Ltd., 
Ft. McLean Dr.; for mail, 1535 W. 13th Ave., 
Vancouver, B.C., Can. 

Forrester, Joseph George (J’45) (COMD), Cons. 
Indus. Engr., Consltd. Mgmt. Consultants, 521— 
5th Ave., New York 17; for mail, 2266 Andrews 
Ave., New York 53, N.Y. 

Forsberg, Roy Halvar (J’44) (AMB), Student, 
College of Engrg., New York Univ., New York; 
for mail, 119 Main St., Irving-on-Hudson, N.Y. 

Forsman, Elmer John (J’29) (SFEKR), Dist. 
Serv. Engr., Babeock & Wilcox Co., 1203 Candler 
Bldg., Atlanta 3, Ga. 

Forssell, Alfred G. (J’22) (CHM), V.P., Gen. 
Megr., Morris Mch. Works; for mail, 18 Sunset 
Terrace, Baldwinsville, N.Y. 

Forstall, Alfred Edmond (’99) (OEKY), 5 
Champlain Terrace, Montelair, N.J. 

Forstall, Walton, Jr. (J’43) (BSKC), 169 Com- 
monwealth Ave., West Concord, Mass. 

Forster, Hans Walter (J’45) (BKMSN), De- 
sign Engr., Enzinger Union Oorp., Hardpan Rd., 
Angola; for mail, Paxon Rd., Eden, N.Y. 

Forsyth, Stuart L. (J’37) (CMLDSA), Megr., 
Elec. Htg. Dept., Westinghouse Elec. Corp., 5915 
Green St., Emeryville 8, Calif. 

Forsythe, Alfred Vernon (’42) (SJBF), Asst. Ch. 
Oper. Engr., Kansas City Power & Light Co., 
115 Grand Ave., Kansas City 6, Mo. 

Forsythe, Paul Ernest (’40;’42) (CHDBJL), 
Spec. Asst. to Mgr. of Sales & Engrg., West. 
Gear Works, 417—9th Ave. S., Seattle 4, Wash. 

Fort, Tomlinson (’43) (CFS), Mgr., Cent. Sta. 
Sales, Westinghouse Elec. Oorp., East Pitts- 
burg; for mail, 2345 Hollywood Dr., Pittsburgh 


24 Pa. 

Fortmann, Edward H, (’14; 22) (CEHJB), Gen. 
Mer., Natl. Transit Co., 206 Seneca St., Oil 
City, Pa. 

Forzley, Victor George (J’44) (WSOBC), Stress 
Analyst, Charles T. Main, Inc., 201 Devonshire 
St., Boston; for mail, 88 Locust Ave., Worcester 
4, Mass. 

Fosdick, William Powell (’16) (0), Partner, 
Fosdick & Hilmer, Cons. Engrs., 1703 Union 
Trust Bldg., Cincinnati 2, Ohio. 

Fosheim, Ivan Victor (J’43) (BCE), Lt. (j.g.), 
U.S.N.R., Am. Handling Sch., Office 29, Dock 
Area, Camp Peary, Va. 

Foss, Eugene N,, 2nd (J’37) (CJK), Lt, 
U.S.N.R.; for mail, c/o B. F. Sturtevant Co., 
Hyde Park 86, Mass. 

Foss, Feodore F. (’21) (CDFL), Dir., Research 
& Metal., Wheeling Steel Corp., Wheeling Steel 
Corp. Bldg.; for mail, Emerson Rd., Woodsdale, 
Wheeling, W. Va. 

Fossier, Mike Walter (J’45) (AH), Student, 
Calif. Inst. of Tech., 1201 E. Calif. St., Pasa- 
dena 4, Calif. 

Foster, Albert Cecil (°26;7’45) (FCDKLM), 
Asst. Ch. Engr., Stand. Brands, Inc., 595 Madi- 
son Ave., New York 22, N.Y. 

Foster, Arthur Rowe (J’45) (SNKZBF), 39 Rock- 
ledge Rd., Newton Highlands 61, Mass. 
Foster, Charles (’17) (OSKDF), Cons. 

8316 Medical Arts Bldg., Duluth 2, Minn. 

Foster, Charles Alfred B. (J’36) (EGS), Assoc. 
Prof., Va. Poly. Inst. ; for matl, Box 65, Blacks- 
burg, Va. 

Foster, Dean Edward (’44), Supt., Matls. Dept., 
Bethlehem Supply Co., 805 E. Archer St., Tulsa ; 
for mail, 1485 S. Carson Ave., Tulsa 5, Okla. 

Foster, Earle Willard ('44;’45) (LMOSZ), 
Plant Engr., Canadian Top & Body Corp., Ltd., 
Louise St., Tilbury, Ont., Can. 

Foster, Ernest H. (’85; ’94), Dir., Foster Wheeler 
Corp., 165 Broadway, New York 6, N.Y. 

Foster, Esty (’25;’26;’35), Pres., Natl. Lock 
Washer Co., 40 Hermon St., Newark 5, N.J. 

Foster, Francis E. (’44) (JSMO), Metal. Engr., 
Grinnell Co., Inc., 260 W. Exchange St., Provi- 
dence, R.I. 

Foster, Gerald Pentland (J’40) (MC), Graduate 
Student, Sch. of Business, Stanford Univ., Stan- 
ford University, Calif.; for mail, 815 College 
Ave., Palo Alto, Calif. 

Foster, J. 8. (’91;’03) (BDHJNR), V.P., Lid- 
gerwood Mfg. Co., 775 Lidgerwood Ave., Eliza- 
beth, N.J. 

Foster, Jack William (J’45) (MCEHSN), 22 
North Ave., Webster, N.Y. 

Foster, Leonard Colley (J’38) (CAB), Prod. 
Engr., Montreal Works, Defence Industries Ltd., 
9400 St. Lawrence Blvd., Montreal, Que.; for 
mail, 80 Hazelton Ave., Toronto, Ont., Can. 

Foster, Newton Smith (J’42) (BJYNLT), Engrg. 
Dept., Congoleum-Nairn, Inc., 195 Belgrove Dr., 
Kearny ; for mail, 15 EB. Pierrepont Ave., Ruther- 
ford, N.J 


Engr., 
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Foster, Pell William, Jr. 
Wheeler Corp., 
Y 


(48), V.P., Foster 
165 Broadway, New York 6, 


N.Y. 

Foster, Richard Bruce (J’39) (ASON), 271 Arm- 
strong Ave., Jersey City 5, N.J. 

Foster, Robert George (J’42) (BCS), Supvg. 
Engr., Gen. Elec. Co., 1 River Rd., Schenectady, 
N.Y. ; for mail, c/o Gen. Elec. S.A., Caixa Postal 
109, Rio de Janeiro, Brazil, S.A. 

Foster, S, Lattimore, Jr, (J’35), 2852 Emogene 
St., Mobile 18, Ala. 

Foster, Theodore George (J’41) (AEK), Capt., 
U.Si\A.;. Hda:, Air. Tech. Sery. Command, 
ESTAN 3 Area “B”, Wright Field, Dayton, 

hio. 

Foster, Tillman Richard (’44), Indus. Sales 
Engr., Carrier Corp., 408 Chrysler Bldg., New 
York 17, N.Y. 

Foster, Walter Hurlé (’40) (BDFHN), Mech. 
Engr., Ch. Draftsman, Stand. Steel Works Div., 
Baldwin Loco. Works, Burnham; for mail, 435 
Valley St., Lewistown, Mifflin Co., Pa. 

Foulds, Charles VonHoffmann (’19;’30) (HSB 
ONE), Cons. Engr., Empresa de Energia Elec- 
trica, Apartado Nacional 106, Medellin, Co- 
lombia, S.A. 

Foulds, Henry William (’48), Exec. V.P., Per- 
mutit Co., 330 W. 42nd St., New York 18; for 
mail, 5 Tory Lane, Scarsdale, N.Y. 

Fournier, John Andrew (J’42) (ABO), Devel. 
Engr., Johnson & Johnson, 4949 W. 65th St., 
Chicago; for mail, 814 S. Vine St., Hinsdale, 


Fournier, Thomas F, (’15;’35) (ABCE), Pres., 
Dir., Sunset Oil Co., 208 W. 8th St., Los 
Angeles 14, Calif. 

Foust, John D., Jr. (J’39), Asst. Engr., New- 
man Mch. ©o., Inc., 507 Jackson St.; for mail, 
215 S. Mendenhall, Greensboro, N.C. 

Fowden, Wm. (13), Plant Mgr., S.D. Cement 
Plant; for mail, Box 146, Rapid City, S.D. 

Fowler, Anson Jansen (J’42) (SJAMFC), 606 
Washington Ave., Palmyra, N.J. 

Fowler, Edward L. (J’30), Tech. Serv. on Mill 
Products, Internat]. Nickel Co., Inc., 67 Wall 
St., New York; for mail, 3555—88th St., 
Jackson Heights, L.I., N.Y. 

Fowler, Francis Raynor (J’36) (BNA), Devel. 
Engr., Aero. & Mar. Engrg. Div., Gen. Elec. 
Co., 1 River Rd., Schenectady 5, N.Y. 

Fowler, Franklin Harper, Jr. (J’38) (BAJCZ), 
Structures Engr., Propeller Div., Curtiss-Wright 
Corp., Caldwell; for mail, 239 N. Oraton Pkwy., 
East Orange, N.J. 

Fowler, Grant Lunney (’39) (CDOM), Works 
he Haynes Stellite Co., Lindsey, Kokomo, 


nd. 

Fowler, Henry Charles, Jr. (’30;’45) (CMGAB), 
Asst. Plant Mgr., Gray Mfg. Co., 16 Arbor St., 
Hartford, Conn, 

Fowler, Jackson Estes (J’43) (SBKFAR), Engr., 
Gen. Elec. Co., 1 River Rd., Schenectady; for 
mail, 41 Steinmetz Homes, Schenectady 4, NEY, 

Fowler, Kenneth W. (J’41) (JMC), Pvt., Inf. 
Replacement Trng. Camp, Co. D, 30th Bn., Ist 
Regt., Ft. McClellan, Ala. ; for mail, 8 Mayflower 
Circle, Worcester 6, Mass. 

Fowles, George Milton (J’39) (SC), Asst. Engr., 
Works Engrg. Dept., Prest-O-Lite Co., Inc., Box 
1478, Indianapolis 6, Ind. 

Fox, Alfred W. (J’37) (SFEH), Power Engr., 
Barrett Div., Allied Chem. & Dye Corp., 40 Rector 
St., New York 6; for mail, 412 Congress Ave., 
East Welleston, L.I., N.Y. 

Fox, Benjamin (’23) (AKHBC), Supt., Engrg. & 
Design, Shipbldg. Div., Bethlehem Steel Co., 
Quincy 69; for mail, 5 Buckingham Rd., Wol- 
Jaston 70, Mass. 

Fox, Chas. Hust (’00), Pres., Ahrens-Fox Fire 
Eng. Co., 800 Evans St.; for mail, 2966 Erie 
Ave., Cincinnati, Ohio. 

Fox, Charles Smith (J’37) (LSDZ), Salesman, 
Aluminum Co. of Am., 3615 Olive St., St. Louis 
8; for mail, 17 Oakleigh Lane, Clayton 5, Mo. 

Fox, Earle B., Jr. (J’39) (HKS), Field Mech. 
Engr., Constr. Dept., Austin Co., 19 Rector St., 
New York, N.Y.; for mail, 210 W. 5th St., 
Plainfield, N.J. 

Fox, Frank W. (’19;’35), Chmn., Fuel Economy 
Comm., Tech. Serv. Div., Stand. Oil Co. of N.J., 
pa for mail, 9 Fair Hill Rd., Westfield, 


Fox, Franklin Hunt (’34;’43) (SOC), Plant 
Betterment Engr., Ebasco Services Inc., 2 Rector 
St., New York 6, N.Y.; for mail, Ashland Farm, 
Hatboro, Pa. 

Fox, J. George (J’42) (FSHE), Mech. Engr., 
Plate Co., 2215—1st Ave. S.; for mail, 701— 
15th St. W., Birmingham, Ala. 

Fox, John H. (04) (CJL), Tech. Adviser to 
Pres., Pittsburgh Plate Glass Oo., Grant Bldg. ; 
for mail, University Club, Pittsburgh, Pa. 

Fox, Oscar Martin (’44) (NBFJKO), Ch. Engr., 
Indus. Equip. Dept., Blaw-Knox Co., Box 1198, 
Pittsburgh 30, Pa. 

Fox, Robert Burnap (J’44) (BEF), Lt., Engrg. 
Officer, U.S.S. Rainier, F.P.0O., San Francisco; for 
mail, 1616 San Antonio Ave., Alameda, Calif. 

Fox, Rudolph H. (’13; 719; 85), V.P., Vulcan 
Tron Works Co., 1423 Stout St., Denver, Colo. 

Fox, William James (J’41) (SZEOC), Draftsman, 
Bethlehem-Sparrows Point Shipyard, Inc., Spar- 
rows Point 19; for mail, 7303 Dunlawn Court, 
Dundalk 22, Md. 


FOY 


Foy, Thomas Douglas (A’45), Supvr. of Cost 
Reduction, Gen. Elec. Co., 1 River Rd., Schenec- 
tady 5; for mail, 1908 Baker Ave. Ss Schenectady, 
N.Y 


Foe Tor (J’43) (SKZD), Mech. Engr., Norsk 
Hydro, Solligaten 7, Oslo, Norway. 

Fraas, Arthur P, (344) (AEKBNO), Asst. Prof. 
Automotive Engrg., Case Sch. of Applied Sci., 
Univ. Circle, Cleveland 6; for mail, 1189 Clifford 
Rd., Cleveland Heights 21, Ohio. 

Fradenburgh, John (’45) (NTMJD), Design Engr., 
U.S. Automatic Box Mchy. Co., Inc. ” 18 Arbore- 
tum Rd., Roslindale, Boston 31, Mas’ 

Fraher, Brendan Joseph (J’ 43) (MICTREO), In- 
dustry Supyr., SKF Industries, Inc., Front St. & 
Erie Ave., Philadelphia 84, Pa. 

Fraley, Earl John, Jr. (J’41) (GONM), Lt., S(E), 
U.S.N.R., Naval Shipyard, Mare Island ; for mail, 
148 Tallac St., Vallejo, Calif. 

Fram, Morris (J’37) (OMCDHY), Ch. Engr., 
Owner, Fram Bnere Co., 1858 Carmona Ave., 
Los Angeles 35, Cali 

Frame, John roby Jr. tp 46) (EFS), Am. Engrg. 
Co., Philadelphia 25, Pa. 

Frame, John Warren, III (J’43) (CMA), Exper. 
Flight Test Engr., Pratt & Whitney Aircraft Div., 
United Aircraft Corp., 400 S. Main St., East 
Hartford 8; for mail, 101 Winding Lane, Maple 
Park, East Hartford, Conn 

Frame, Roy Allen (J 46) (PLY), Box 1663, Santa 
Fe, New Mex. 

Frame, William Melvin (’24; ’35) (CJM), Junior 
Award, ’27; Works Mgr., Spang-Chalfant Div., 
Natl. Supply Co., Ambridge, Pa. 

France, Albert Finley (J’41) (CM), Assembly 
Dept. Mgr., Control Instrument Co., 67—385th St., 
Brooklyn ; for mail, 525 BE. 89th St., New York 
Fz f 


France, Wm. Henry (’34) (CJM), Mgr., New 
Products Div., Am. Type Founders, Inc., 271 
Madison Ave.; for mail, 277 Park Ave., 
York, N.Y 

Francis, Edw. (J3’39) (FS), Barrage Balloon Sch. 
Det., Camp Davis, N.C. ; tor mail, 1381 N. 16th 
St., "Bloomfield, N.J. 

Francis, Joseph Snelson (J’45) (ONLJMD), 
oa. Francis Co., 348 S. Dearborn St., Chicago 
4, 4 

Francis, T. M. (’25) (OLESFK), Cons. Engr., 
334 Brown Marx Bldg., Birmingham 8, Ala. 

Francis, Thomas Frederic (744) (ACOMB), Engr. 
Test Pilot, Design Specialist, N. Am. Aviation, 
Inc., Inglewood ; for mail, 3323 W. 152nd St. 
Gardena, Calif. 

Francisco, Ferris LeRoy (’06;’12) (OYDLS), 
Partner, Francisco & Jacobus, 511—5th Ave., New 
York 17, 

Franck, Clarence Chemes (739; 741) (SBCE 
FA), Student Award, Mer., Land Turbine 
Engrg., Steam _Div., We finches Elec. Corp., 
Lester Branch P.O., Philadelphia; for mail, 421 
Cornell Ave., Swarthmore, Pa, 

Franck, Roscoe Whitaker (J’40) (ARS), 1st Lt., 
Army Air Forces, Sqd. A, 463rd Base Unit, Geiger 
Field, Spokane, Wash. 

Franck, Russell E. (J’37) (ZCAJY), Asst. Design- 
ing Engr., Instrument Transformer Div., West 
Lynn Works, Gen. Elec. Oo., 40 Federal St., 
Lynn; for mail, Box 831, Lynnfield Center, Mass. 

Francone, Edmund A, (3°41), Field Engr., Plant 
Engrg. Div., U.S. Rubber Co., 6600 E. Jefferson ; 
for mail, 19143 Roscommon St., Detroit, Mich. 

Frank, Austin Corman (J’36) (DHY), Engr., US. 
Ener. Office ; for mail, 907 Forrester Ave., “Albu- 
querque, New Mex. 

Frank, Carl F. W. (A’380) (MODO), Prod. Engr., 
Cincinnati Milling Mch. Co., South & Marburg 
ge 3 for mail, 3306 Olaramont Ave. , Cincinnati 


Ohio 

Frank, David 8. (40) (FCLKZ), Supt., Pure Oil 
Co., Box 1798, Toledo 3, Ohio. 

Frank, Edwin (09; 725) (HSNEB), Apt. 2, 1943 
N. Summit Ave., Milwaukee 2: Wis. 

Frank, Graham M, (’41) (OMNOHJ), Mech. 
Ener., Jeffrey Mfg. Co., Columbus; for mail, 191 
W. Dunedin Rd., Columbus 2, Ohio. 

Frank, Max (J’ 40) (JDSKHZ), Design Engr., 
Colgate- Palmolive-Peet Co., 1 Newark Ave., Jer- 
sey City 2; for mail, 53 Hawthorne Terrace, 
Leonia, N.J. 

Frank, Philip E. (’28;°84) (LESO), 
Ener., Sinclair Oil Corp., 630—5th Ave., New 
York 20, N.Y. 

Frank, Robert M. (734; 744) (OSDAFT), Cons. 
Ener., 1390 Nelson ‘Ave., New York 52, N.Y 

Frank, Wallace Everett (J’42) (BKS), Kintners- 
ville, Pa 

Franke, Karl John (J’39), Tool Designer, Atlantic 
Diesel Corp., Codwise ‘Ave., New Brunswick ; for 
mail, 711 ‘Academy Terrace, Linden .7, N.J 

Frankel, Abraham (J’41), Technician, 4th Grade, 
756th Engr. Parts Supply Oo; APOMibT, c/o 
Postmaster, New York; for mail, 811 New Lots 
Ave., Brooklyn 8, N.Y. 

Frankel, George Joseph (J’44) (YLMBCD), Mech. 
Engr., Metaplast Corp., 205 W. 19th St., New 
York Als for mail, 712 W. 176th St., New York 

Feel, Nathan Anderson, Jr. (J’45) (CMDJ), 
Indus. Engr., Conlon Corp., 1824 S. 52nd Ave., 
eos for mail, 247 8S. Kenilworth, Oak Park, 


Constr. 


Franken, Thomas Lincoln (J’40) (MNCDJH), 
Mech. Engr. & Supt., Spec. Products Div., Lodge 
& Shipley, 800 Evans St., Cincinnati 1; for mail, 
6238 Marie Ave., Cincinnati 24, Ohio. 


Frankena, August (J’35) (LSDFON), Plant Engr., 
Am. Sugar Refining Co., Key Highway, E., Balti- 
more 8, Md. 

Frankenberg, Theodore T. (J’34) (FKS), Am. 
Gas & Elec. Serv. Corp., 80 Church St., New York 


8, N.Y. 

Frankenfield, C. Walter (J’34) (EFAS), Supvr. 
Automotive Lab., Tide Water Associated Oil Co., 
E, 22nd St., Bayonne, NJ. 

Frankenhoff, Anthony George (A’44) (CLW), 
Asst, Secy., Mgr., East. Div., Dicalite Co., 120 
Wall St., New York 5, N. 

Frankenhoff, Charles ‘Anthony (19; ’81) (CMO), 
6 Hathaway Rd., Scarsdale, N.Y. 

Frankenhoff, E, T, (44), picalite Co., 756 S. 
Broadway, Los Angeles 14, Cal 

Frankhouser, Elmer V, (45) ‘ SVKHDZ), Supt. 
of Power, ROA Victor Div., Radio Corp. of Am 
Front & Cooper Sts., Camden, N.J.; for mail, 174 
Glencoe Rd., Upper Darby, Pa. 

Frankland, George Edward (3°39) (MLY), Proc- 
ess Engr., Seeger-Sunbeam Corp.; for mail, 313 
§. Rotherwood Ave., Evansville, Ind. 

Franklin, Edward Jay (’13) (EFOS), 17036 
Rancho St., Encino, Calif. 

Franklin, George McCarty (J’46) (KLP), Partner 
& Engr., Franklin Mfg. Co.; for mail, 2026 N. 
2nd St., Abilene, Tex. 

Franklin, Paul Arnold (’25) (WCZGYA), De- 
signer, John Hartell & Co., 101 Park Ave., New 
York 17; for mail, 1 Lincoln Pl., Port Washing- 


ton, N.Y. 

Franklin, Paul Edward (J’42) (BZNHYA), Cons. 

Engr., O. M. Franklin Serum Co., 109 N. Monroe 
t.; for mail, 400 Kentucky St., Amarillo, Tex. 

Franks, Ernest Hughes (J’41) (ANJBFS), Mech. 
Engr., Engrg. Sec., Indus. Test Lab., Bldg. 121, 
Navy Dept., Naval Base Sta., Philadelphia 12; 
for mail, 830 Guenther Ave., Yeadon, Pa. 

Franks, Frederick B. (’04), V.P., Gen. Mgr., 
Natl. Portland Cement Oo., Brodhead; for mail, 
906 Club Ave., Allentown, Pa. 

Frankum, Jay Lester (J’41) (JKSFMC), Sr. Staff 
Engr., Fabricating Works, Aluminum Oo. of Am. ; 
for mail, Springbrook Rd., Alcoa, Tenn. 

Fransema, John A. (’38) (DLIK), Indus. Engr., 
Day & Zimmermann, Inc., 15th & Chestnut Sts., 
Philadelphia 2; for mail, 025 EB. Penn St., Phila- 
delphia 44, Pa.” 

Fransson, Karl Elof (J’39) (ABHNSR), Engr., 
Pratt & Whitney Aircraft Div., United Aircraft 
Corp., 400 S. Main St., East Hartford 8; for 
mail, Box 1687, Hartford, Conn. 

Frantz, Vincent Alan (341) (JRO), Asst. to 
Mech, Engr., Fabricating Div., Bethlehem Steel 
Co.; for mail, 120 Lincoln st. Steelton, Pa. 

Franz, Erwin E, (’30) (BCMYHA), Devel. Engr., 
West. Elec. Oo., Inc., 100 Central Ave., Kearny ; 
for mail, 3 Olaremont Pl., Oranford, NJ. 

Franz, Frederick Louis (19; 728; F’46) (BNI 
CMO), Cons. Mech. Engr., 53 Wallace St., New 
Haven 11; for mail, 2 Woodruff St., West Haven 
16, Conn. 

Franzen, Carl Johannes (J’41) (EAM), Samaritan 
Hosp., Troy; for mail, Richmondyville, N.Y. 

Franzen, Paul Raymond (J’45) (GNJLS), Design 
Engr., L. W. Olaybourn, Inc., 231 S. La Salle St., 
Chicago 4; for mail, 4068 W. 58th Pl., Chicago 
29 . 


Fraser, James Perry (J’44) (ASBC), Lt., 
U.S.N.R., Arresting Gear Officer, Air Dept., U.S.S. 
Bouzer, OV-21, F.P.0., San Francisco, Calif.; for 
mail, 102 Prescott St., Clinton, Mass. 

Fraser, Lee (’40) (OMYDJ), Managing Dir., For- 
eign Subsidiary, Internatl. Stand. Elec. Corp., 67 
Broad St., New York 6, N.Y. 

Fraser, Oliver B. J. (’33) (JFLKCB), Dir., Tech. 
Serv. on Mill Products, Internatl. Nickel Co., 
Inc., 67 Wall St., New York 5, N.Y. 

Fraser, Theodore Harold (J?44) (MNC), Prod. 
Engr., Fairchild Camera & Instrument Corp., 
88-06 Van Wyck Blvd.; for mail, 148-45—87th 
Rd., Jamaica, N.Y. 

Fraser, William Charles Gordon (J’39) (MJC 
LD), Process Engr., Rogers Majestic Ltd., 622 
Fleet St. W., Toronto; for mail, 33 Olaxton 
Blyd., Toronto 10, Ont., Can. 

Fratcher, George Edward (J’37) (HBJEN), De- 
sign Engr., Pressure Vessel Div., A. O. Smith 
Corp., 85383 N. 27th St., Milwaukee 1; for mail, 
6115A-W. Locust St., Milwaukee 10, Wis. 

Frauenthal, Henry Lafayette, (’31; ’34; 736) 
(HAB), Asst. Hydro. Investigator, Sanitation & 
Water Supply Div., Dept. of Pub. Works, Old 
Court House, Mineola, N.Y. 

Frawley, Patrick Joseph (’48) (CFKOS), Asst. 
Supt., Steam Plants, No. States Power Co., 15 8. 
5th St., Minneapolis 5; for mail, 1979 Palace 
Ave,. St. Paul 5, Minn. 

Frayer, Leon Webster (J’41) (EBA), Tech. 
Analyst, Gen. Elec. Co., Thompson Rd., Syracuse ; 
for matl, 14 Hawk St., Schenectady, N.Y. 

Frazier, Quentin (J’42) (NBAMZW), Mech. Engr., 
Evans Lab., Sig. Corps, War Dept., Belmar; for 
mail, 564 Cedar Ave., West Long Branch, N.J. 

Frear, Hugo Pinkney (’21) (ACDMOY), Cons. 
Naval Arch., Shipbldg. Div., Bethlehem Steel 
Co., 25 Broadway, New York; for mail, 5 Cam- 
bridge Lane, Manhasset, N.Y. 

Freberg, Carl Roger (J’41) (BEA), Devel. Dept., 
Carrier Corp., 8. Geddes, Syracuse; for mail, 811 
Salt Springs ’Rd., Syracuse 8, N. 

Frech, Harry Edward, Jr. (J’40) (JABDL), En- 
sign, U.S.N.R., 7070 Lindell, University City 5, 

0. 
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Fredd, John V. (J’40) (MNAC), Design & Devel., 
Engrg. Dept., A. C. Spark Plug Div., Gen. Motors 
Corp., Flint 2; for mail, 5201 N. Dort Highway, 
Flint 7, Mich. 

Frede, Charles F. (’18), Asst. V.P., Gen. Steel 
Castings Corp., Granite City, Ill.; for mail, 7931 
Gannon Ave., University City 5, Mo. 

Frederick, Frank J., Jr. (J’41), Jr. ‘Engr., Gen. 
Regulator Corp., 165 Broadway, New York; for 
mail, 6th Ave., St. James, L.I. N.Y. 

Frederick, Herbert S. (’43) (SEKFLO), Engr., 
Stone & Webster Engrg. Corp., 49 Federal St., 
Boston 7; for mail, 61 Charlesbank Rd., Newton 
58, Mass. 

Frederick, Robert William (J’45) (BEM), 619 
Locust St., Turtle Creek, Pa. 

Fredericks, Harold §, (en 37), Box 126, West 
Nyack, N.Y. 

Fredin, Roy William (J’ a (AGMNO), Cons. 
Engr., Sierra Mfg. Oo., S. Arroya Pkwy., 
Pasadena 2; for mail, ris E. Foothill Blvd., 
Altadena, Calif. 

Free, Albert V. (’43) (BGARHS), Head Teacher, 
Saunders Trades School Annex, Bd. of Ed., Yon- 
kers; for mail, 94 Buckingham Rd., Yonkers 2, 


Freed, Dean Winslow (J’43) (MCD), Indus. 
Engr., Sylvania Elec. Products, Inc.; for mail, 
137 Ww. 5th St., Emporium, Pa. 

Freedenfeld, Martin David (J? 46), 2958 Brighton 
ist St., Brooklyn, N.Y. 

Freedley, Paul (’20), 418 Warwick Rd., Haddon- 
field, N.J. 

Freeland, Emile Charropin (’19;’26;’35) (BC 
FLT), Cons. Indus. Engr., W. R. Grace & Co., 
7 Hanover Sq., New York 5, N.Y. 

Freeland, Wesley William’ (J? 35) (OMJINW), 
Supvr., Mech. Maint. & Design, ‘Dominion’? Am- 
munition Div., Canadian Presb Ltd.; for 
mail, Brownsburg, Que., Can 

Freeman, Albert W. (J’41) (EFO), Dorset, Ohio. 

Freeman, Benj. W. (’15;’25), (ABM), Pres., 
Louis G. Freeman Co., 1819 Freeman Ave.; for 
mail, 2618 Handasyde, Cincinnati, Ohio. 

Freeman, Clarke (’15; ’22; ?35) (CML), Manager, 
?38-’41, Vice-President, ’41-’43; Box 1485, Provi- 
dence, RI 3 

Freeman, Evert Wendell (’30; ’385) (DO), Plant 
Engr., Brown & Sharpe Mfg. Go. ., Promenade St., 
Providence ; for mail, 42 Freeman Pkwy., Provi- 
dence 6, R.I. 

Freeman, Frederick Charles (’11; ’16) (EFJRS), 
Pres., Providence Gas Co., 100 Weybosset St., 
Providence 1, R.I. 

Freeman, Henry Livingston (’17) (NCAGHB), 
Designer, Engrg. Dept., So. Natural Gas Co., 
Watts Bldg., Birmingham ; for mail, 1325 S. 19th 
St., Birmingham 5, Ala. 

Freeman, Herbert 8, (715; ’22), Mfg. Agt., 49 
Darwin St., Rochester, N.Y. 

Freeman, Hovey Thomas (719; ’26; °85) (CZO), 
Pres., Treas., Mirs. Mutual pe cp Co., 815 
Grosvenor Bldg., Providence 1, 

Freeman, Howard Gilbert (én ry (HYJBNC), 
Dir., Research & Devel., Rockwood Sprinkler Co., 
88 Harlow St., Worcester 5; for mail, 8 Clare- 
mont St., Worcester 3, Mass. 

Freeman, Lewis D. (’18;’25), Examiner, R.R. 
Hage TEESONE CHO Finance Corp., Washington 
25, ; for mail, Apt. 227, Arlington Village 
avis 5 ier: Va. 

Freeman, Mathew L., Jr. (J’41), Box 245, State 
College, Miss. 

Freeman, Myron Frederick (’25;’45) (SFK), 
Mech. Engr., Stone & Webster Engrg. Corp.; 49 
Federal St., Boston 7; for mail, 24 Newbury Pk., 
Needham 92, Mass, 

Freeman, Perry John (’08;’14;’19) (FOS), 
Head Matls. Engr., Tenn. Valley Authority, 200 
Union Bldg. ; for mail, 1415 Kenesaw Ave., Knox- 
ville, Tenn. 

Freeman, Robert Gibarde (’42) (OMN), Tool 
Engr., Gen. Motors Inst., 8rd Ave. & Chevrolet, 
Flint: for mail, 2065 Seymour Rd., Swartz 
Creek, Mich. 

Freeman, Victor Robert (J’41) (ESOFKL), Mech. 
Engr., Air & Refrigeration Corp., 475—5th Ave., 
New York ; for mail, 55 Payson "Ave. -» New York 
34, N.Y. 

Freeman, Walter B. (J’40) (SFD), Mech. Engr., 
Duke Power Co., Riverbend Sta., Mt. Holly; for 
mail, Route 4, Charlotte 2, N.C. 

Freese, Coridon Elmer (J’35) (BKJS), Drafts- 
man, Ferro Engrg. Co., 1208 Hanna Bldg., Cleve- 
land; for mail, 209 E. 14th St., Elyria, Ohio. 

Frei, Jack Ernest (J’43) (TMN), Partner, Prod. 
Mgr., French Powder Puff ©o., 90 Prince St., 
New York 12; for mail, 180 Cabrini Blvd., New 
York 33, N.Y. 

Freiberg, James M. (J’37) (BOG), Secy., Treas., 
Activisible Corp., 229 E. 6th St.; for mail, 774 
Greenwood Ave., Cincinnati, Ohio. 

Freiberg, John Lawrence (J’42) (AMW), Lt., 
U.S.N.R., Box 202-B, Shawnee Run Rd., Cincin- 
nati, Ohio. _ 

Freiday, Jay Anthony (’20) (SFKODH), Mech. 
Engr., Ebasco Services, Inc., 2 Rector St., New 
York 6, N.Y.; for mail, 85 Cleveland Terrace, 
East Orange, N.J. : 

Fremon, Edward Bernard (’34; ’45) (BMJOES), 
Tech. Asst. Mgr., Indus. Oil Sales Dept., Socony- 
Vacuum Oil Co., Inc., 4140 Lindell Blvd., St. 
Louis 8, Mo. 

French, Dudley Kimball (28) (EFKS), 
Chem. Engr., Box 185, Winnetka, Ill. 


Cons. 


_ French, 
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French, Edward Vinton (’05), Retired; 20 School 


St., Andover, Mass. 


French, George Ernest (’37) (CMWSDE), Asst. 


Mer., U.S. Plywood Oorp., 1319 W. Nickerson, 
eee for mail, 2809—389th Ave. W., Seattle 
, Wai 


Wash. 
-¥rench, John C. (J’38), 223 G St., Copeland Park, 


Newport News, Va. 

Paul Richard (J’48) (OKCL), Metal 
Inspr., Humble Oil & Refining Oo. ; for mail, 128 
Utah St., Baytown, Tex. 

Frentzel, G. Martin (J’44) (JMNLDB), Plant 
Bngr., Charter Oak Stove & Range Co., Antelope 
& Conduit Sts.; for mail, 4521-A Red Bud Ave., 
St. Louis 15, Mo. 


7 Freres, Robert Nick (J’42) (NYB), Tool De- 


signer, Sterling Tool Co., Merrick Ave. ; for mail, 
3817 Wright Ave., Racine, i 


i Wis. 
| Freston, Robert Brettingham (46) (JS), Sr. 


Engr., Commonwealth Edison Co., Rm. 600, 72 
W. Adams St., Chicago 90; for mail, 936 Wash- 
ington Blvd., Oak Park, Ill. 


: 1 
- Freund, Clement Joseph (23; 725; 733) (CME), 


Dean, College of Engrg., Univ. of Detroit, Mc- 
Nichols Rd. & Livernois; for mail, 18967 Pen- 
nington Dr., Detroit 21, Mich 


Freund, Herbert E, (°37;°45) (CDFOS), Plant 


Engr., Talon, Inc.; for mail, 204 Meadow St., 
Meadville, Pa. 


- Freund, Herman R. (’28), Works Mgr., Intertype 


Corp., 1440 Broadway, New York; for mail, 241 
Sterling St., Brooklyn, N.Y. 

Freundlich, Jules Lewis (J’43) (MLNBG), 360 
Cabrini Blvd., New York 33, N.Y. 

Frewin, Leroy (J’36) (SLNDBK), Power & Maint. 
Engr., Am. Smelting & Refining Co., Box 1111, 
El Paso, Tex. 

Frey, Alfred T. (’27; 733; ’35) (CMDLJO), Indus. 
Engr., McClure, Hadden & Ortman, Inc., 111 W. 
Washington Blvd., Chicago 2, Ill. 

Frey, Charles August (’44) (BKS), M.M., Phila- 
delphia Elec. Co., 2301 Market St., Philadelphia, 
Pa.; for mail, 858 N. 32nd St., Camden, N.J. 

Frey, George John (’22; 35) (NMLYKD), Head, 
Dept. of Mech. Drawing & Design, Ohio Mechanics 
Inst., 1104 Walnut St., Cincinnati 10; for mail, 
19 Glenwood Ave., Cincinnati 17, Ohio. 

Frey, Gordon Walter (J’45) (EFHRSZ), Bailey 
Meter Co. Ltd., 980 St. Antoine St., Montreal 3, 
Que. ; for mail, 82 Willingdon Blvd., Toronto 9, 
Ont., Can. 

Frey, Ralph E. (J’27) (EFS), Indus. Sales Mgr., 
Kan. Gas & Elec. Co., Wichita, Kan. 

Freytag, John Robert (J’46), Engrg. Trainee, 
U.S.N.; 1412 Lehigh St., Easton, Pa. 

Frick, Clifford H. (’20;’85) (OFS), Plant Bet- 
terment Engr., Pa. Power & Light Co., 901 Ham- 
ilton St., Allentown, Pa. 

Frick, Malcolm Stanley (J’43) (MAS), Capt., 
Hdq., Army Air Forces, India Burma Theater 
(AMX), A.P.O. 671, c/o Postmaster, New York, 
N.Y.; for mail, Rockwell City, Iowa. 

Frick, Robert Jerome (J’46) (CJL), Serv. Engr., 
Linde Air Products Co., 311 Ross St., Pittsburgh, 
Pa. 

Frick, Sidney W. (J’42) (ACM), 275 N. Latch’s 
Lane, Merion, Pa. 

Fridstein, Robert Bergman (J’39) (O), Partner, 
Fridstein Engrg. Co., 228 N. La Salle St., Chicago 
ae ABU 

Fried, Anthony (’44) (CJL), Pres., Indus. Constr. 
Co., Inc., 55 W. 42nd St., New York 18; for 
mail, 25 B. 86th St., New York, N.Y. 

Fried, Jerome A. (714; 25) (AZNBY), Gen. Mgr., 
Ithaca Scien. Instr. Co., Box 555, Ithaca, N.Y 
Fried, Robert (°41) (LMSBHK), Plant Engr., H. 
Kohnstamm & Co., Inc., 537 Columbia St., Brook- 
lyn 31; for mail, 3 Washington Pl., Port Wash- 

ington, N.Y. 

Friedeberg, Solon E. (’23;’84) (SOFDT), V.P., 
Treas., Consultant, Franklin Engrg. Corp., 45 
W. 45th St., New York 19, N.Y. 

Frieder, Marcus Aurelius (J’44) (ZABSK), Pvt., 
Army Air Forces, Sqd. H, Scott Field, Ill.; for 
mail, 470 Ocean Pkwy., Brooklyn 18, INGY's 

Friedman, Ferdinand J. (13; ’21) (OFES), Part- 
ner, Mech. Engr., McDougall & Friedman, 1235 
McGill College Ave., Montreal, Que., Can. 

Friedman, John H. (’22; 735), Supt., Natl. Mchy. 
Co., Tiffin, Ohio. 

Friedman, Martin Hugh (J’41) (AB), Struc. De- 
signer, Edo Aircraft Corp., College Point, L.1. ; 
for mail, 1016—50th St., Brooklyn 19, N.Y. 

Friedman, Milton (J’33) (JZMKS), 333 West End 
Ave., New York 23, N.Y. 

Friedrich, Herbert Louis (’44) (LPS), Engr., 
Westinghouse Elec. Corp., 612 Petroleum Bldg., 
Houston 2; for mail, 2430 Glenn Haven Blvd., 
Houston 5, Tex. 

Friedrich, -William George (’46), Consultant, 
Engrg. Div., Foreign Economic Admin., Washing- 
ton; for mail, Cosmos Club, H St. & Madison 
Pl., Washington 5, D.C. 

Friend, Walter Frederic (J’13) (OSLE), Mech. 
Engr., Ebasco Services Inc., 2 Rector St., New 
York 6; for mail, 470 W. 24th St., New York 11, 
NONE 

Fries, Donald Eugene (J’46), Ensign, U.S.N.; 
1400 Lake Shore Dr., Chicago 10, Il. 

Fries, Geo. S. (’27;’35), Engr., Gilbert Asso- 
ciates, Inc., 412 Washington St., Reading; for 
mail, Jacksonwald, Pa. 


Frigiola, Nicholas F. (’25;’37) (ABJ), Teacher, 
Bayonne Tech. High Sch., Bayonne; for mail, 
101—64th St., West New York; N.J. 

Frigon, Raymond Augustin (J’43) (BNJMCY), 
Regional Rep., Montreal Area, Research & Devel. 
Branch, Dept. of Reconstruction, Dominion Govt., 
224 Youville Sq., Montreal; for mail, 125 Pag- 
nuelo St., Outremont, Montreal 8, Que., Can. 

Frisch, George Mason (J’41) (CMZJB), Tech. 
Asst., Methanol Dept., Carbide & Carbon Chemi- 
cals Corp., 437 MacCorkle Ave., South Charles- 
ton 8; for mail, Apt. 15, 1331 Virginia St., 
Charleston 1, W. Va. 

Frisch, Martin (’22;’29;’35) (CBKSLF), Dir., 
Engrg. & Devel., Foster Wheeler Corp., 165 
Broadway, New York 6, N.Y. 

Fritsch, Robert Albert (J’48), Army Air Forces, 
437th Fighter Sqd., A.P.O. 719-2, e/o Post- 
master, San Francisco, Calif.; for mail, 2654 
N. Palmer St., Milwaukee 12, Wis. 

Fritsche, Carl B. (’42) (YALOW), V.P., Reich- 
hold Chemicals, Inc., Box 927, Tuscaloosa, Ala. 

Fritton, William John, II (J’44) (CLMJD), 
Works Engr., Van Der Horst Corp. of Am., 314 
Penn Ave.; for mail, 312 Laurel Ave., Olean, 


MG 

Fritts, Stewart S. (J’33) (DFL), Lone Star Ce- 
ment Corp., 342 Madison Ave., New York, N.Y.; 
for mail, 49 Filmore St., Phillipsburg, N.J. 

Fritz, Charles (’42), 22—5th St., Fords, N.J. 

Fritzinger, Walter Llewellyn (J’43) (ACD), 
Ensign, 26 Stanley St., Wilkes-Barre, Pa. 

Froberg, Harold G. (’29;’39) (SFDKNO), 
Boiler Rm. Engr., Commonwealth Edison Co., 
3501 S. Pulaski Rd., Chicago 32; for mail, 9631 
S. Hamilton Ave., Chicago 48, IIl. 

Frobes, ©. David (’44) (CDFHLM), Prod. Mgr., 
Edgar Bros. Oo., McIntyre, Ga. 

Frocht, Max Mark (’38) (AB), Assoc. Prof. 
Mechanics, Carnegie Inst. of Tech., Schenley 
Park, Pittsburgh, Pa. 

Froehlich, Kurt F. (’43) (EB), Designer, Nord- 
berg Mfg. Co., 3073 S. Chase Ave., Milwaukee ; 
for mail, 182 W. Saveland Ave., Milwaukee 7, 


Wis. 

Froehlig, George Edward (J’42) (CBMH), En- 
sign, U.S.N.R., Bachelor Officers’ Quarters, Bldg. 
2, Naval Shipyard, Washington 25, D.C.; for 
mail, 187 Summit Ave., Bogota, N.J. 

Frohboese, Robert Harry (J’39) (OMZ), Fore- 
man, Westinghouse Elec. Corp., 95 Orange St., 


Newark; for mail, 48 Hawthorne Rd., Short 
Hills, N.J. 
Frohlin, Charles R. (J’38) (ES), Lt. (j.g-), 


U.S.N.R., Apt. 6-M, 87-05—79th St., Jackson 
Heights, N.Y. 

Frohmuth, Robert Lee (J’36) (CBTYZH), Phy- 
sicist, U.S.N., Bldg. 681, Naval Base, Phila- 
delphia ; for mail, 922 Argyle Rd., Drexel Hill, 


Pa. 

Frohrieb, Louis C. (’13) (EKSFHY), Engr., Fed. 
Engrg. Co., 239—4th Ave., Pittsburgh 22; for 
mail, 1107 Peermont Ave., Pittsburgh 16, Pa. 

Frolander, Frank Conrad (’27) (NBGZ), Ch. 
Designer, Research & Devel., Mergenthaler Lino- 
type Co., Brooklyn, N.Y.; for mail, 156 Orchard 
St., Elizabeth 8, N.J. 

Fromm, Charles William (J’42) (HNAZJB), 
1461 Jefferson Ave., Brooklyn 27, N.Y. 

Frost, Daniel Carter (’43) (CHM), R.D. 6, 
Lancaster, Pa. 

Frost, Edward (J’42) (ABK), Test Engr., Wright 
Aero. Corp., Paterson; for mail, 237 Goffle Rd., 
Ridgewood, N.J. 

Frost, George Henry (J’40) (ACMO), 
Engr., Associated Engrs., Inc., 230 E. 
St., Ft. Wayne 2, Ind. 

Frost, Raymond Benson (’45) (DKJY), 21 
Wesley Ave., Bernardsville, N.J. 

Frost, Robert Carlson (J’43) (NMDBCO), De- 
sign Layout, Perfex Corp., 500 W. Oklahoma 
St., Milwaukee; for mail, 4517 N. Larkin St., 
Milwaukee 11, Wis. 

Frost, Vincent Morse (’14) (SFEBKJ), Asst. 
Engr., Elec. Engrg. Dept., Pub. Serv. Elec, & 
Gas Oo., 80 Park Pl., Newark 2; for mail, 51 
Wilcox Ave., East Orange, N.J. 

Frost, William G. (J’43) (BAM), Engr., Gen. 
Am. Trans. Corp., 209 W. Jackson Blvd., Chi- 
cago 6; for mail, 901 S. Grove Ave., Oak Park, 
Tl. 


Mech. 
Berry 


Frush, Donald W. (J’39), Prod. Mgr., Coca Cola 
Bottling Works, 933 Madison St., Gary, Ind. 
Frusher, William Albert (J’43) (JAM), Ensign, 

U.S.N.R., c/o O. V. Russell, Fredonia, Kan. 

Fry, Albert Henry (’31;’35) (SFK), Comdr., 
U.S.N.R., Naval Hospital, Philadelphia; for 
matl, 6142B N. 8th St., Philadelphia 20, Pa. 

Fry, Alfred George (J’45) (BHM), Engr., Pa. 
Crusher Oo., Liberty Trust Bldg., Broad & Arch 
Sts., Philadelphia 7; for mail, 6521 Edmund 
St., Philadelphia 35, Pa. 

Fry, Horace Pugh (720) (GB), Retired; 4806 
Regent St., Philadelphia 43, Pa. 

Fry, Lawford H, (’05; W’42) (RSKFE), Worces- 
ter Reed Warner Medallist, ’38 ; Dir. of Research, 
Steam Loco. Research Inst., Inc., 60 E. 42nd St., 
New York 17, N.Y. 

Fry, Winthrop Hastings (’45), V.P., Ch. Engr., 
EB. W. Carpenter Mfg. Co., 1565 Railroad Ave., 
Bridgeport 5; for mail, 28 Harlem Ave., Bridge- 
port 2, Conn. 

Frye, Calvin Barton (J’39) (BEFJKN), Assoc. 
Engr., Bur. of Ships, Washington 25 ; for mail, 
1900 F St., N.W., Washington 6, D.C. 
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Frye, Charles Franklin (’37) (BMZ), Owner, 
Economy Valve Seat Co., 


2807 Fletcher St., 
Chicago 18, Ill. 


Frye, John Henry (J’40) (BANJW), Sr. Stress 
Analyst, Goodyear Aircraft Oorp., Akron ; for 
mail, 56 Marvin Ave., Akron 2, Ohio. 

Fryer, Ross Lauder, Jr. (J’35), Asst. Eng. 
Design Engr., White Motor Co., 842 E. 79th St. ; 
jor mail, 3170 W. 159th St., Cleveland, Ohio. 

Fryling, Glenn Rhodes (J’44) (OCRZBH), Cons. 
Engr., Susquehanna Engrg. Associates, 324 
Market St., Lewisburg; for mail, 411 Market 
St., Sunbury, Pa. 

Frysinger, Victor Gould (J’41) (AEFJ), Lt., 
Army Air Forces, Aircraft Maint. Engrg. Officer, 
Diamond L Motel, Box 864, Clovis, New Mex. ; 
for mail, 341 Stein Court, New Braunfels, Tex. 

Fuchs, Edward Alfred (J’40) (CRONLB), Supvg. 
Engr., Installations, Gen. Elec. Co., 1405 Locust 
St., Philadelphia 2, Pa.; for mail, Box 433, 
Schenectady, N.Y. 

Fuchs, Henry Otten (’44) (BNR), Asst. Ch. De- 
en ree Inc., 960 E. 61st St., Los Angeles 
1, Calif. 

Fuhro, Alfred Antoine (’45), Plant Mgr., Leslie 
Oo., Lyndhurst ; for mail, 223 North St., Jersey 
City, N.J. 

Fujimoto, Kenji (J’43), Columbia Hotel, 3120 
Broadway, New York, N.Y. 

Fullam, Harland Oscar (J’40) (ACHJMN), Asst. 
Ch. Engr., L.C.N. Corp., 1103 Enoch Dr., Middle- 
town; for mail, 6705 Hampton Dr., Silverton, 


Ohio. 

Fuller, Andrew Lansing (J’46) (HMS), 1745 
Chicago Blvd., Detroit 6, Mich. 

Fuller, Charles Edward (’12) (BHR), Prof. 
Emeritus, Mass. Inst. of Tech., 77 Massachusetts 
Ave., Cambridge 39; for mail, 21 Great Plain 
Ave., Wellesley 81, Mass. 

Fuller, Dudley Dean (J’43) (BNRAE), Assoc., 
Mech. Engrg. Dept., Columbia Univ.; for mail, 
21 Olaremont Ave., New York 27, N.Y. 

Fuller, Earl Howard (’30), Maint. Engr., Kelsey- 
Hayes Wheel Corp., 3600 Military Ave., Detroit ; 
for mail, 24 Maywood St., Pleasant Ridge, Mich. 

Fuller, Floid Merrill (’07;’17;’19) (S), Dis- 
tributing Engr., Pa. Power & Light Co., 901 
Hamilton St., Allentown; for mail, 1627 W 
Market St., Bethlehem, Pa. 

Fuller, George F, (20), Mch. Engr., Chmn. of 
Bd., Wyman-Gordon Co., 105 Madison St.; for 
mail, 14 Massachusetts Ave., Worcester 5, Mass. 

Fuller, Robert B. (’31;’35) (TSKLOD), Supt., 
Sayles Biltmore Bleacheries, Inc., Biltmore ; for 
mail, 12 Ridge Rd., Biltmore Sta., Asheville, 


N.C. 

Fuller, Roy L. (J’39), 635 Mandalay Dr., San 
Antonio, Tex. 

Fuller, Samuel Harry (J’40) (BZAO), Capt., 
Ord. Dept., U.S.A., Chief, Armament Sec., Devel. 
Div., Office of Chief of Ord., Center Line, Mich. ; 
for mail, 1111 Richmond St., Pittsburgh 18, Pa. 

Fuller, Walter D, (A’13) (CG), Pres., Curtis 
Publ. Co., Independence Sq., Philadelphia, Pa. 

Fullerton, Herbert Palmer (’33; 45) (BNMKS), 
Assoc. Prof. Engrg. Drawing & Mch, Design, 
Dept. of Engrg., Univ. of Va., Thornton Hall, 
Charlottesville, Va. 

Fulling, Roger William (’42) (CMDSON), Spec. 
Asst. to Gen. Dir., Indus. & Devel. Engrg. Divs., 
Engrg. Dept., E. I. du Pont de Nemours & Co., 
Wilmington 99, Del. 

Fullman, ©. Arthur (’34; 735), Apt. 701, 1167 
Bush St., San Francisco 9, Calif. 

Fullmer, Forrest Lee (J’43) (AJBN), 1669 Engle- 
wood Ave., Akron 5, Ohio. 

Fullmer, Irvin Henry (’19;’25;’34) (JZBN), 
Sr. Physicist, Natl. Bur. of Stands., Washington 
25, D.C.; for mail, 9411 Louis Ave., Silver 
Spring, Md. 

Fulton, Clare Kendall (J’43), 57 Academy St., 
Bath, Me. 

Fulton, Garland (’42) (MCKBNJ), V.P., Cramp 
Shipbldg. Co., Philadelphia 25, Pa. 

Fulton, George Richard (’41) (CSEF), V.P., 
Diy. Mgr., Gulf States Utilities Co., 314 Broad 
St., Lake Charles, La. 

Fulton, Henry Roedel (740; 745), 3065 Dwight 
Ave., Dormont, Pittsburgh, Pa. % 
Fulton, Marvin Oliver (J’44) (CMLWZ), Design 
Engr., Stand. Oil Co. (ind.), 119th & Front 
Sts., Whiting, Ind.; for mail, Box 14, Oak 

ae eabndt alt (44), Asst. Efici 

Fulton, Raymon inson (’ , Asst. ciency 
Ener., ewafie Gas & Elec. Oo., 480—28rd St., 
San Francisco 7, Calif. 

Fulweiler, John Edwin (08; 713) (OLNJSH), 
Ch. Mech. Engr., Fraser-Brace Engrg. Co., 10 
BE. 40th St., New York; for mail, 54 Sagamore 
Rd., Bronxville, N.Y. 

Fulweiler, W. H. (742) (EFKWYS), 
Engr., 1600 Arch St., Philadelphia 3, Pa. 

Funk, Herbert Becker (J’42) (AJS), 545 Nacog- 
doches St., Jacksonville, Tex. f 

Funk, Hubert Joseph (J’43) (JSR), Designer, 
Linde Air Products Co., 646 Frelinghuysen Ave., 
Newark 5; for matl, 488 Jersey Ave., Fairview 
1, (Oliffside Park P.O.), N.J. 

Funk, Nevin Elwell (718 ; F’39) (SKHFDC), 
V.P., Philadelphia Elec. Co., 1000 Chestnut St., 
Philadelphia 5, Pa. | 

Funk, William Francis (’92; 05) (JMS), Pres., 
Mer., La Crosse Trailer & Equip. Co., 418 Gould 
St., La Crosse, Wis. 


Chem. 


FUNKE 


Funke, Richard Harrison, Jr. (J’43) (SR), Asst. 
to Ch. Engr., Doughnut Corp. of Am., Ellicott 
sag for mail, 9 Mallow Hill Rd., Baltimore 29, 


Md. 

Furehgott, Arthur C., Jr. (J’33) (ACR), Apt. 5, 
2225 S.W. 9th St., Miami, Fla. 

Furcron, Wycliffe Sharpe (J’48), Ensign, 
U.S.N.R., LSM-506 Detail, Naval Receiving Sta., 
Houston, Tex. 

Furedy, Alfred Stephen (J’42) (AOM), 641 
Willis Ave., Williston Park, 

Furman, George Roland (J’ 37) (ZGBKAF), 
Mech. Engr., Research, Texas Co., Glenham; 
for mail, 67 Cross St., Beacon, N.Y. 

Furnas, Clifford Cook (’48), Research Lab. Dir., 
Accounts Payable Dept., Ourtiss-Wright Oorp., 
Buffalo, N.Y. 

Furutani, George John (J’43) (NJYMEA), Mech. 
Engr., Mch. Design, Shulton, Inc., 1500 Hudson, 
Hoboken, N.J.; for mail, Apt. 5, 304 W. 109th 
St., New York 25, N.Y. 

Fusfeld, Robert David (J’42) (ABM), 2026 R St., 
N.W., Washington, D. 

Fusner, George Roselle | (J’42) (SEARFK), Tur- 
bine Generator Engrg. Div., Gen. Elec. Co., 1 
River Rd., Schenectady 5; for mail, 211 Jackson 
Ave., Schenectady 4, N.Y, 

Futral, John Watson, Jr, (J’48) (HEFWA), 
Mech. Engr., Southeast. Pipe Line Co., 718 For- 
syth Bldg., Atlanta 8, Ga. 

Fykse, Lewis Dean (J’41), Prod. Control Engr., 
Stand. Tool Co., 6918 Central Ave., Cleveland 3; 
for mail, Bishop Rd., Wickliffe, Ohio. 

Fyles, Cleveland Saunders (J’45) (WYNMCB), 
Plant Engr., Fyles & Rice Oo., Inc.; for mail, 
Bethel, Vt. . 


Gabla, Naval Fakirji (J’36) (ESFCJM), Asst. 
Engr., Powerhouse, Karachi Elec. Supply Corp., 
Karachi, India. 

Gabor, Harry W. (’82) (CDMN), Prin. Safety 
Supvr., N.Y. State Ins. Fund, 625 Madison Ave., 
New York 22; for mail, 17 Lawrence Ave., 
Tuckahoe 7, N.Y. 

Gabriel, Adam F, (J’42) (JM), Prod. Engr., Acme 
Indus. Co., 200 N. Laflin St.; for mail, 3336 N. 
New Eneland Ave., Chicago, mM. 

Gabriel, Edwin Z. (J’36) “(CLS), Pyt., 1st Class, 
918th Engr. Air Force, Hdq. Co., Army ‘Air Force 
Tactical Air hare Orlando, Fl a. 

Gabriel, Wm. » (91), Retired; 570 E. Chicago 
St., Elgin, ‘i 

Gabrielson, Gunnar (789) (WAOMDY), V.P., Gen. 
Mgr., Internatl. Aviation Corp., 1900 E. 24th St., 
Cleveland; for mail, 1012 Yellowstone Rd., 
Cleveland 21, Ohio. 


Gadd, Charles W. (J’41) (BJZMN), Research 
Engr., Research Div., Gen. Motors Corp., 485 W. 


Milwaukee St. ; 


for mail, 3339 Pingree St., De- 
troit 6, Mich. 
Gaderlund, Harry A, 


SF vee (ACM), 4911 N. 
Hoyne Ave., Chicago 25, 


Gadzuk, John (45) CELoy. Engr., Orr & Sem- 
Eons Ine. ; for mail, 1522 ‘Centre ‘Ave., Reading, 


i 
Gaebler, 


George F. (J’40) AeA) 82 Left 
Wing Dr., Middle River 20, Md. 
Gaehr, David (702 ; 709) (DFS), Instr., Charge 


Lake Carriers’ Assn. Engrs.’ Sch., 414 Superior 
Ave., N.W.; Mech. Engr. (Gen. Engrg. Practice), 
Rockefeller Bldg., Clev eland, Ohio. 

Gaffert, Gustaf Adolph (’23; ’80; °35) Saree 
Partner, Mech. Engr., Sargent & Lundy, 140 S. 
Dearborn St., Chicago 8; for mail, 12 24 Cherry 
St., Winnetka, Il. 

Gage, Robert Thompson (J’45), Staff Mem., Radi- 
ation Lab., Mass. Inst. of Tech., Cambridge; for 
mail, 240 Lincoln St., Lexington, Mass. 

Gage, Victor R. (’86) (ABEFHS), Prof. Mech. 
Engrg., College of Engrg., Cornell Univ.; for 
mail, 527 Highland Rd., Ithaca, N.Y. 

Gage, R. F. (’28; 34) (ACE), Vice-President, 
748-46; Asst. to Gen. Megr., Wright Aero. Corp., 
Paterson 8, N.J 

Gagliardi, Frank Anthony (J’44), 6342 Highland 
Ave., Merchantville, N.J. 

Gagne, Antoine Francis, Jr. (J’41) (NJHMDO), 
Gp. Head, Mch. Devel. Sec., Engrg. Dept., 
du Pont de Nemours & Co., Pompton Lakes, N. Ts 

Gagnebin, Albert Paul (742) (JARSDL), Metal- 
eee Internatl. Nickel Co., Oak St., Bayonne, 


Gagnon, Alfred Joseph (J’45) (COMNDJ), Staff 
Engr., Cons. Mgmt. Engr., Booz, Allen & Hamil- 
ton, 985 Madison Ave., New York 17; on mail, 
81 Cameron Ave., Hempstead, L.I., 

Gahagan, William Corthel (°45), VP. - Gahagan 


Constr. Corp., 90 Broad St., New York 4; “for 
mail, 114 E. 52nd St., New York, NuYs 
Gahan, John J. (J’37) (BHJNSC), Research 


Engr., Taylor Forge & Pipe Works, \4th St. & 
Cicero Ave., Cicero; for mail, 1529 B. 85th St., 
Chicago 19, Ill. 

Gahnkin, Valentine G. (’22; °28), Engr., Consltd. 
Edison Co. of N.Y., Inc., 4 Irving Pl., New York 
3; for mail, R.D. i, Wappingers Falls, BREN 

Gail, Stewart E, (J’41) (NMJACY), Engr., Gen. 
Elec. Co., 920 Western Ave., West Lynn; for 
mail, 38 Milton St., East Lynn, Mass. 

Gaillard, John (’28) (COM), Mech. Engr., Ameri- 


can Standards Association, 70 E. 45th St., New 
York 17; for mail, 400 W. 118th St., New 
York 27, N.Y 


Gailus, Walter Joseph (J'43) (BYZC), Research 
Engr., Mass. Inst. of Tech. ; for mail, Hee 7-007, 
Mass, Inst. of Tech., Cambridge 39, “Mas: 

Gaines, William Pendleton én A (BINO), 121 
Hawthorne Rd., Homewood 9, 

Gaisman, Henry J. (38), re Rea Bd. of Dits., 
Gillette Safety Razor Co., Boston, Mass.; for 
mail, Hartsdale, N.Y. 

Gaither, Robert H. (’18) (HKMCEF), Mech. 
Engr., Navy Matl. Catalog Office, 111 E. 16th 
St., New York; for mail, 61 Kilburn Rd., Garden 
City, bl aN. Y. 

Gajarsky, John Edward (J’88) (TSDNLC), Pro- 
ject Engr., Forstmann Woolen Co., 2 Barbour 
Ave., pe enles for mail, 825 Palisade Ave., Gar- 
field, N.J. 

Galazzi, Joseph Angelo (J’43) (BEHKNS), Asst. 
Dir., Engrg. Lab., York Oorp., Roosevelt Ave., 
York, Pa. 

Galbraith, Frank William (J’44) (MCJDN), Lt. 
(j.g.), U.S.N.R., Asst. Ord. Planning Officer, 
Puget Sound Naval Shipyard, Bremerton, Wash. ; 
jor. mail, 1894 W. Iowa Ave., St. Paul 4, Minn, 

Galbreath, Paul J. (J’36) (NH HTYG A), Mech. 
Engr., Tenn. Eastman Corp.; for mail, 1424 
Fairidge Dr., Kingsport, Tenn. 

Galdieri, Biag (J’44) (ZMNJAB), Prod. Engr., 
C.J. Tagliabue Div., Portable Products Corp., 
540 Park Ave. EF Brooklyn 6; for mail, 345—86th 
St., Brooklyn 9, N.Y. 

Gale, Albert Garland (745) (CJNSME), Gen. 
Megr., New England Trawler Equip. Co., 301 
Eastern Ave., Chelsea 50; for mail, Depot Rd., 
Boxford, Mass. 

Gale, Frank Carl (42) (BEFHLS), Salesman, 
Brooks Equip. Co., 636 Portrero St.; for mail, 
Apt. 1, 540 Stockton St., San Francisco, Calif. 

Gale, Horace Bigelow (86) (TWA), Retired; 10 
Highland St., Natick, Mass. 

Gale, Philroy Clifton (24) (HO), Asst. Admin., 
Chief of Operas., Southwest Power Admin., U.S. 
pert. of Interior, P.O. Drawer 1619, Tulsa 1, 
Okla. 

Gale, Warren D, (’14; A’26), Waterville, Que., 
Can. 

Gale, William Keen (’44) (LOSCKN), Project 
Engr., Otto Constr. Co., 225 W. 34th St., New 
York 1; for mail, 86-10—34th Ave., Jackson 
Heights, N.Y. 

Gall, “Alexander Hutchison (741) (MJC), Mfg. 
Engr., Dictagraph Sales Corp., 95-25—149th St. 
Jamaica, L.I.; for mail, 5 N. Tyson Ave., Floral 
Park, sit, 

Gall, George ‘Francis, Jr. (J’42) (CHKMSW), 
Asst. Hull Ship Supt., N.Y. Naval Shipyard, 
Brooklyn 1; for mail, 338 E. 48rd St., New York 
acl, INeXs 

Gall, William Rolfe (J’42) (SZEKMA), Engr. in 
Charge of Design, Clinton Engr. Works, Tenn. 
Eastman Corp., Box 590, Knoxville; for mail, 
815 E. Forest Rd., Oak Ridge, Tenn. 

Gallagher, Edmund Gordon (J’34) (DYEFKA), 
Sales Engr., Dunlop Tire & Rubber Goods Co. 
Ltd.; for mail, 87 Tremoy Rd., Noranda, Que., 


Can. 

Gallagher, Edw. I. (’40) (FKS), Plant Supt., 
Richmond Sta., Philadelphia Elec. Co., Delaware 
Ave. & Lewis St.; for mail, 1010 W. Wagner 
Ave., Philadelphia, Pa. 

Gallagher, Eugene Leo (J’48) (LKD), Ensign, 
E-V (S), U.S.N.; 6416 Regent St., Oakland 9, 
Calif. 

Gallagher, Harry Gorsuch, Jr. (J’40) (ACH), 
Jr. Engr., Design & Devel., Plant Equip., Bige- 
low-Sanford Carpet Co., Inc., Main St., Thomp- 
sonville; for mail, River Blvd., Suffield, Conn, 

Gallagher, John J. (’29), Owner, North Mt. 
Brick Co., 21 E. 40th St., New York, N.Y. 

Gallagher, John S, (’21;’28) (FK), 1037 Burn- 
side Ave., Los Angeles, Calif. 

Gallagher, Paul (J’44) (ANKH), Sr. Engr., Tenn. 
Eastman Oorp.; for mail, 1621 Linville St., 
Kingsport, Tenn. 

Gallaher, Edward Beach (719) (A), Pres., 
Clover Mfg. Co., 8327 Main St., Norwalk, Conn. 
Gallalee, John Morin (’20) (SCFEMN), Dir., 
Tech. Staff, Ala. Bldg. Comm., State Capitol, 

Montgomery ; for mail,. University, Ala. 

Gallatin, Robert Ellis (én 44) (HSKEA), Devel, 
Engr., Bowser, Inc., 1802 E. Creighton St., Ft. 
Wayne 2; for mail, 18143 Bayer ‘Ave... Ft. 
Wayne 3, ‘Ind. 

Gallaway, Howard Murray (J’35) (SREFAH), 
Designer, Joshua Hendy Iron Works, Sunnyale; 
for mail, 106 Beverly Dr., San Carlos, Calif. 

Gallenkamp, Edward William (’21) (OMLKSC), 
Dir., Student Activities, York Corp., Hporerelt 
‘Ave. ; 3; for mail, 425 Rathton Rd., York, 


Gallese, Julio J. (J3’43) (AJKLMW), Casilla’ 317, 


Lima, Peru, S.A 

Galligan, Edward Joseph (J’43) (ACMH), 
Exper. Test Engr., Pratt & Whitney Aircraft 
Div., United Aircraft Corp., 400 S. Main St., 
East Hartford 8; for mail, 38 Bliss St., Hartford 
6, Conn. 

Galligan, John Edmund (J’41) (AKM), 3640 N. 
Paulina St., Chicago 13, t 

Gallini, Emil (°37) (CDM), Supvr. of Engrg., 
Chrysler Corp., 341 Massachusetts Ave., Detroit ; 
for mail, 18515 Prairie Ave., Detroit 21, Mich. 

Gallivan, John Daniel, Ir (J’48) (EKS), 1st 
Lt., Corps of Engrs., Box 64, Balboa, O.Z. 

Gallmeyer, William’ Christian (J’38) (JBC), 
Asst. Ch. Engr., Gallmeyer & Livingston Co., 336 
Straight Ave., Grand Rapids 4; for mail, 2731 
Elmwood Dr., S.E., Grand Rapids 6, Mich. 
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Gallow, John Joseph (J’45), 40-08—171st St., 
Flushing, L.I., N.Y. 

Galloway, Alexander Kennedy (’42; 744) (ACR), 
et opis M.P. & Equip., Baltimore & Ohio 

& 0. Cent. Bldg., Baltimore 1, Md. 

Giiccee Chas. D, (’13) (BDL), Factory Engr., 
Elec. Storage Battery Co., 1900 Allegheny Ave., 
Philadelphia, Pa. 

Galloway, Frank M. (’21;’27), M.P. Rep., Fri- 
gorifico Armour de la Plata, Reconquista 314, 
Buenos Aires, Argentina, S.A. 

Galloway, Jas. W. (’19; ’26;’35) (DJM), Plant 
mon B. Greening Wire Oo., Ltd., Hamilton, 

n 
Galloway, ies (A’28) (C), R.F.D. 1, Lake Wales, 


5 ae Robert M. (J’87) (JL), Lt., U.S.N.R. ; 
for mail, 4819 Shirley St., Omaha, Ne b. 

Gallup, Rockwell Loring (18) (GNHBS), Mch. 
Designer, E. H. Wachs Co., 1525 Dayton St., 
Chiciee 22; for mail, 2939 Leland Ave., Chicago 
25, 2 

Galopin, Frank Ernest (J’42) (ACL), Elec. Serv. 
Engr., Westinghouse’ Elec. Corp., 10 High St., 
Boston; for mail, 165 Burley St., Danvers, Mass. 

Galt, John Gillespie (J’42) (CLJM), Plant Mgr., 
Keystone Trappe Rock Co., Glen Moore, Chester 
Co.; for mail, R.F.D. 1, West Chester, Pa. 

Galusha, Albert Leet (’18) (FE), Ch. Engr., 
Wellman-Galusha Gas Equip.. Wellman Engrg. 
Co., 420 Lexington Ave., New York 17, N.Y.; 
for “mail, 19 Manor Rd., Verona, N.J 

Galuzevski, Rostislav Alexander (S44) (JMBN), 
Asst. Research Engr., Univ. of Mich.; for mail, 
535 Walnut St., Ann "arbor, Mich. 

Galvanek, Edward Joseph (J’38) (KSBJ), Sery. 
Engr., Foster Wheeler Corp., 165 Broadway, New 
York at 2 N. Y.; for mail, 67 West Ave., Port Read- 


ing, 
Gee “John E. (21) (CJRMEL), Pres., Ohio 
Steel Fdy. Co., W. 4th St., Lima, Ohio. 
Galvin, Ralph’ B, (J’40) (KHMCSF), Lt., 
U.S.N.R., Bur. of Ships, Navy Dept., Washing- 
ton ; for’ mail, Apt. 226, 3100 Connecticut Ave., 
Washington 8; D3 
Galvis, Ricardo (J’45) (EOS), Calle 11 Sur, 
9-46, Barrio San Fernando, Cali, Colombia, S.A. 
Gamache, Jean Paul (J’42) (GYBC), Adv., 
Engrg. Specifications, Plessisville Rie 3 for mail, 
147 St. Calixte, Plessisville, Que., Can. 
Gamarekian, S, ‘Edward (3°45) eek. eer 
sity Club, 17 Front St., Schenectady, N.Y 
Gambert, George (3°33) (AKS), Power Methods 


& Stands. Engr., E. I. du Pont de Nemours & 
Co., Drawer B, Sta. B; for mail, 821 Elm St., 
Buffalo, N.Y. 


Gamberton, James H. (J’38) (CM), Mech. Engr., 
Air Reduction Sales Co., 125 Monitor St., Jersey 
City; for mail, 1822 Lamberts Mill Rd., West- 
field. N.J. 

Gamble, Walter W. (’19), Mer., Mech. & Power 
Opera., 3 N.J. Plants, Stand. Oil Co. of N.J., 
ear for mail, 42 Aberdeen Rd., Elizabeth, 


Gamboa, Francisco Rodolfo (’38) (CEHRS), 
Tech. Rep., Baldwin Loco. Works, Casilla 86-D, 
Crescente Errfizuriz 2195, Santiago de Chile, 


Gammell, John (A’45) (SEHFAJ), Field Engr., 
Allis-Chalmers Mfg. Co., 887 Broad St. Sta. 
Bldg., Philadelphia 8, Pa. 

Gamon, Thomas Hampton (J’42), Lt. (j.g.), 
U.S.N.R., LOJ (L) (8) 2, c/o Naval Sta., 
Astoria, Ore. 

Gandelot, Howard Kenneth (’43) (BENMJY), 
Engr., Gen. Motors Corp., Gen. Motors Bldg., 
Detroit 2; for mail, 832 Hampton Rd., Grosse 
Pointe Woods 380, Mich. 

Gang, Oliver F, (3°20), ‘Vibe Wins Powell Co., 


50 Church St., New York 7; for mail, 7 Har- 
court Rd., Scarsdale, N.Y 
Gangewere, Ernest Paul (’22;’28;’35) (EJMR 


SW), Supt., M.P. & Rolling Equip., 6th & Perry 
Sts.; for mail, 1229 N. 18th St., Reading, Pa. 

Gangwere, Elliott D. (’41) (DN), Dir. of Equip., 
Westinghouse Elec. Corp., vibes for mail, 
136 Elmore Rd., Pittsburgh Pale 

Gannett, Malcolm Frederick eu 435° (BGDHLY), 
Pat. Atty., 2325 Park Ave., Santa Clara, Calif. 

Gannon, Jesse (’20; 735) (ACJMN), Mfg. Engr., 
Harvey Mch. Co., Inc., 6200 Avalon Blvd., Los 
Angeles 3; for mail, 4801 Jackson Ave., Culver . 
City, Calif. 

Gano, Howell McLain (’25) (CFKMOY), Cons. 
Engr., 115 Wisteria Dr., Dayton 9, Ohio. 

Gans, James Wilson (3°44), Technician, 4th 
Grade, 400th Engrs. Maint. Co., A.P.O. 547, ¢/o 


Postmaster, San Francisco, Calif. ; for ‘mail, 
228 W. Glentay Rd., Lansdowne, Pa. 
Ganz, John Maria (en 43) @, Engr., Charge 


Exper. Lab., Carver Pump Co.; for mail, 714 
Iowa Ave., Muscatine, Towa. 

Garand, John C. (Non-Member), Holley Medallist, 
741; Ch. Engr., Ord., Springfield Armory, U.S. 
War Dept., Springfield, Mass. 

Garavaglia, Anthony Fortunato (J’44) (NBGZ 
LJ), Lab. Operational Engr., Natl. Advis. Com, 
for Aero., Langley Field ; for mail, 8515 Chesa- 
peake Ave., Hampton, Va. 

Garber, Milton Michael (J’44) (ABC), 105 E. 
Fairview Blvd., Inglewood, Calif. 

Garbin, Albert John (J’43) (YTBCKJ), Tech. 
Mer., V-Belt Dept., B. F. Goodrich Co., 500 S. 
Main St., Akron; for mail, 418 Portage Trail 
East, Cuyahoga Falls, Ohio. 
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Garcia, Bert H., Jr. (J’41) (CKDMAO), Instr. 
Mech. Engrg., Pa. State College; for mail, 425 
S. Allen St., State College, 


Pa, 
' Garcia de la Torre, Luis (’45) (CDEHKS), Sales 


& Installation, Heavy Mchy., Miguel Morales Inc., 
San Juan; for mail, P.O. Box 4956, San Juan 


24, P.R. 
Gard, Earl William (’39) (LEFYCA), 2780 Via 
Campesina, Palos Verdes Estates, Calif. 


Garden, Joseph MacKenzie (J’41) (PLK), 50 


James Ave., Cranford, N 


g Ra 
Garden, Nelson B. (’26;’33), Box 399, Berkeley, 


Calif. 
‘Gardiner, Cecil Merritt (°32;’42) (SKBZ), 
: Turbine Engrg. Div., Gen. Elec, Co., Schenec- 


ag for mail, 27 Catherine St., Schenectady 7, 


Gardner, Elston A. (J’37) (ABJNHO), Test 
Engr., Northrop Aircraft, Inc., Hawthorne; for 
Rot 1427 Greenfield Ave., Los Angeles 25, 
alif. 


_ Gardner, Eugene Knowles (J’41) (BCM), Indus. 


Engr., Sylvania Elec. Products, Inc.; for mail, 
52 County Rd., Ipswich, Mass. 

John Allaire (J’45) ,.(MBJEFS), 19 
Rose Ave., Floral Park, L.I., N.Y. 

Karl Albert (’45) (KBH), Engr., 
Griscom-Russell Co., 285 Madison Ave., New 
York 17; for mail, 15 Elliott Pl., Freeport, 


oe 1., N.Y. 
Gardner, Kirtland Cutter (’41) (BCHJMO), 


Pres., Gen. Mgr., United Engrg. & Fdy. Co., 
2500 Ist Natl. Bank Bldg., Pittsburgh 22, Pa. 
Gardner, Lester Durand (A’22) (AECFY), 
Chmn. of Council, Inst. of Aero. Sciences, 2 E. 

64th St., New York 21, N.Y. 

Gardner, Lester Hoke (’41) (OKSF), Owner, 
Firm of Lester H. Gardner, Cons. Engr., 318-21 
O’Sullivan Bldg., Baltimore 2, Md. 

Gardner, Lewis Robinson (J’29), Mar. Engr., 
Norfolk Naval Shipyard, Portsmouth; for mail, 
2821 Marlboro Ave., Norfolk 4, Va. 

Gardner, Marvin K. (J’39) (KC), Branch Mgr., 
ILG Elec. Vent. Co., 1215 Tex. Bank Bldg., 
Dallas 1, Tex. 

Gardner, Robert Irving (J’36) (ONM), Cons. 
Engr., Firm of Robt. I. Gardner, 533 N. Chero- 
kee Ave., Los Angeles 4, Calif. 

Gardner, Thos. H. (’39) (BGR), c/o Ch. Engr., 
Cent. of Ga. Ry., Savannah, Ga. 

Gardner, Wallace Webster (J’36) (NMBHJY), 
Design Engr., Perfex Metal Products ©o., 25 
Lafayette St., Brooklyn, N.¥.; for mail, 27 Oak 
Knoll Rd., Glen Rock, N.J. 

Gardner, William Norment (J’43) (ABC), Aero. 
Engr., Langley Memorial Aero. Lab., Natl. Advis. 
Com. for Aero., Langley Field; for mail, Apt. 
3, 204 Regent St., Hampton, Va. 

Garey, Geo. W. (’22;’35), Ch. Engr., Compania 
Salitrera Anglo-Chilena, Casilla 808, Antofagasta, 
Chile, S.A. 

Garey, Lloyd Leslie (’25;’38) (EFKS), Asst. 
Engr., Pub. Serv. Elec. & Gas Co., 80 Park Pl., 
Newark 1, N.J. 

Garey, Robert Bryant (J’41) (EBJ), Draftsman, 
Joshua Hendy Iron Works, Sunnyvale; for mail, 
151 N. 10th St., San Jose 12, Calif. 

Garfield, A. S. (’07), 45 Boulevard Beausejour, 
Paris, France. 

Garger, John Henry (J’36) (JLYCW), Asst. 
Sales Mgr., Induction Htg. Corp., 389 Lafayette 
St., New York 3; for mail, 2923 Otis Ave., New 
York 61, N.Y. 

Gariffo, Carl Joseph (A’45) (BJMNWY), Owner, 
Firm a C. J. Gariffo, 1607—1st Ave., New York 


Dos Ney we 
Garity, William Edward (J’45) (SHA), Test 
ngr., Gen. Elec. Co., 6901 Elmwood Ave., 
Philadelphia 42; for mail, 5 E. Plumstead Ave., 
Lansdowne, Pa. 
Garland, Claude M. (’06;’12) (EFS), Pres., 
rh M. Garland & Co., 88 S. Dearborn St., Chicago, 
Garland, Clyne Frederick (’88) (BLMNZ), Assoc. 
ati Mech. Engrg., Univ. of Calif., Berkeley 4, 
alif. 
Garland, James (’21), Gen. Supt., Dominion 
Engrg. Works Ltd., Box 220, Montreal, Que., 
an. 


Garman, Warren DeWitt (’37) (BNAKES), 
Assoc. Prof. Mech. Engrg., Bucknell Univ.; for 
mail, College Park, Lewisburg, Pa. 

Garnar, L. Howard (’37; 742) (HLEYWS), Ap- 
plication Engr., Worthington Pump & Mchy. 
Corp., Harrison; for mail, 10 Birdseye Glen, 
Vernona, N.J. 

Garneau, Leo A. (J’46) (AHJ), 156 Lake St., 
Brighton 35, Mass. 

Garnier, Alphonse (’29), Mem. Bd. of Dirs., Cie. 
de Fives-Lille, 7 rue Montalivet, Paris; for mail, 
Villa Dianina, Villefranche-sur-Mer, Alpes-Mari- 
times, France. 

Garnsey, Hamilton, Jr. (’29;’35) (CDH), V.P., 
Goulds Pumps Inc., Seneca Falls, N.Y. 

Garrabrant, F. LeRoy, Jr. (J’43) (SOZ), De 
Laval Steam Turbine Co., Trenton 2; for mail, 
834 Berkeley Ave., Trenton 8, N.J. 

Garrahan, Thomas F, (J’46) (CDM), 4819 West- 
ern Ave., N.W., Washington 16, D.C. 

Garrard, Oscar Julian, Jr. (J’41), 5768 Pine 
Tree Dr., Miami Beach, Fla. 

Garratt, Ernest Albert (’07) (ORE), Dir., 
Jacobs, Barringer & Garratt, Ltd., 106 Fen- 
church St., London; for mail, Crow’s Nest, Pear 
Tree Lane, Shorne, Kent, England. 
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Garretson, Henry Chapin, Jr. (J’40) (CMJ), 
Lt. Col., Field Arty., Hdq., U.S. Forces, China 
Theater, A.P.O. 879, c/o Postmaster, New York, 


INSY* 

Garrett, Edward J. (J’45) (MNHCLJ), Asst. 
Ch. Engr., Reeves-Ely Labs., 215 E. 91st St., 
New York 28; for mail, 100 Ave. P, Brooklyn 4, 


NEY. 

Garrett, Elmer E., Jr, (J’29) (CHJNZ), Asst. 
Ch. Engr., Ford Instrument O©o., 32-36—47th 
Ave., Long Island City 1; for mail, 284 Green 
Ave., Freeport, N.Y. 

Garrett, Eric Hanover (’27) (CAMNZ), Mgr., 
Kendrick & Davis Co., Water St.; for mail, 20 
Shaw St., Lebanon, N.H. 

Garrett, John A, (718), Sales Engr., Fairbanks, 
Morse & Co., 2401 Santa Fe Ave., Los Angeles ; 
for mail, 1422 Wayne Ave., South Pasadena, 


Calif. 

Garrett, Olen (J’40) (AE), Draftsman, Douglas 
Aircraft Co., Inc., El Segundo; for mail, 3451 
Cloverdale, Los Angeles, Calif. 

Garrett, Seymour S. (’16), 115 Oak Hill Rd., 
Ithaca, N.Y. 

Garrety, John Francis (J’39) (CDMAJL), Asst. 
Oper. Mgr., Empire State Inc., Rm. 503, 350— 
5th Ave., New York 1, N.Y. 

Garrish, George (J’42), Estimating Engr., Mech. 
Handling Systems Inc., 4600 Nancy, Detroit 12; 
for mail, 8804 Mt. Elliott, Detroit 11, Mich. 

Garrison, Van Buskirk (J’39) (MCDJH), Engr., 
Air Reduction Sales Co., 181 Pacific Ave., Jersey 
City; for mail, Box 25, Haworth, N.J. 

Garrison, Wyckoff L. (’16;’24), Asst. Mer., 
Loco. Dept., Ingersoll-Rand Co., 11 Broadway, 
New York 4, N.Y.; for mail, 612 Embree Cres- 
cent, Westfield, N.J. 

Garson, Thorvald Nagelstad (’18) (DJ), Chmn. 
of Bd., Treas., Bergen Point Iron Works, Bay- 
onne, N.J.; for mail, 45 Bayview Pl., Ward Hill, 
Staten Island 4, N.Y. 

Garst, Robert Ernest (J’46), 2140 Eastview Ave., 
Louisville, Ky. 

Garstang, Donald Buie (J’40) (CDHAB), 957 
Gramercy Dr., Los Angeles 6, Calif. 

Gartmann, Hans (’30; ’35) (HSBA), Engr., Pump 
& Compressor Dept., De Laval Steam Turbine Co., 
Nottingham Way, Trenton 2, N.J. 

Gartz, William Joseph (J’36) (HBAMOS), Mech. 
Engr., Yeomans Bros., Co., 1483 N. Dayton St., 
Chicago 22; for mail, 15 N. Keeler Ave., Chi- 
eago 24, Ill. 

Garvey, Robert Patrick (J’40) (CMK), Process 
Ener., Servel, Inc., Evansville 20; for mail, 
1216 Washington Ave., Evansville 14, Ind. 

Garwood, John Leslie (J’40) (CAY), Tire Constr. 
Engt., B. F. Goodrich Co., 5400 E. Olympic St. ; 
for mail, 6034 Easton St., Los Angeles 22, Calif. 

Gary, Francis Phinizy (’21;’35) (D), Partner, 
Sales Engr., Lawrence V. Fraley & Son, 6169 
Westminster Pl., St. Louis 12; for mail, 339 N. 
Taylor Ave., St. Louis 8, Mo. 

Gary, Hartwell Henry (’17) (OMJNB), Chmn. 
of Bd., Gary Steel Products Corp., 1225 W. 
25th St., Norfolk; for mail, 1909 Claremont Ave., 
Norfolk 7, Va. 

Gaston, Charles Murray (’45), Drafting Supvr., 
Bell Tel. Labs., Inc., 180 Varick St., New York 
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Gaston, Ernest Charles (’39), Engr., Common- 
wealth & So. Corp., 600 N. 18th St., Birming- 
ham 2, Ala. 

Gaston, John Hosking (J’44), Seaman, Ist Class, 
Co. 1562, Naval Trng. Center, Great Lakes, Ill. 

Gaston, William Isaac (A’30) (GHMN), 245 
N. 6th St., Newark 7, N.J. 

Gasvoda, Robert F, (J’43) (EZSFMN), Research 
Engr., Stand. Oil Co. of Ind., Whiting, Ind. 

Gatcombe, Ernest Kenneth (J’43) (NBKAH), 
Asst. to Ch. Engr., Jackson & Moreland Engrs., 
31 St. James Ave., Boston; for mail, 10 Dana 
St., Cambridge, Mass. 

Gately, William A. (’12;719;’22) (CGTL), 
Exec, Dir., Hospital Bur. of Stands. & Supplies, 
Inc., 247 Park Ave., New York 17; for mail, 
1034 Park Ave., New York 28, N.Y. 

Gates, Arthur Oliver (’44) (HSDKNL), Treas., 
Mech. Engr., Utility Engrs., Inc., 630 Dooly 
Bldg., Salt Lake City 1, Utah. 

Gates, Edwin Leroy (J’25) (BCN), Secy., Engrs.’ 
Stands. Sec., Allis-Chalmers Mfg. Co., 1126 S. 
70th St., Milwaukee 1, Wis. 

Gates, Kenneth Graham (J’43) (JMBHC), Plant 
Engr., Charge of Maint., Link-Belt Ltd., 791 
Eastern Ave. ; for mail, 1 Butternut St., Toronto, 
Ont., Can, 

Gates, Leroy Grant (’20) (EHSN), 2008 Brun- 
date Lane, Bakersfield, Calif. 

Gates, Robert Laverne (J’44), 481 E. 147th St., 
Cleveland 10, Ohio. 

Gates, Robert McFarland (’18;F’36) (CFS), 
Manager, ’28-31, Vice-President, ’31-’33, Prest- 
dent, ’44; Pres., Air Preheater Corp., 60 
42nd St., New York 17, N.Y. 

Gates, Samuel J. (’16;’25) (OS), Partner, Gates, 
Moe & Weiss, 611 N. Broadway, Milwaukee 2, 
Wis. 

Gates, Wallace Gordon (J’39) (CMD), Head, 
Methods & Stands. Dept., La Plant-Choate Mfg. 
Co., Inc.; for mail, 3126 C Ave., N.E., Cedar 
Rapids, Iowa. 

Gatewood, Arthur Randolph (’40) (BEKGSH), 
Prin. Engrg. Surveyor, Am. Bur. of Shipping, 
47 Beaver St., New York 4, N.Y. 

Gathman, David W. (J’39) (CDJ), 310 Union 
Ave., Williamsport 12, Pa. 
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Gatje, Frederick C. (’20; ’28;’385) (SFELKO), 
Sales Engr., Simler & Sengstaken, 271 Madison 
Ave., New York 16; for mail, 824'E, 22nd St., 
Brooklyn 10, N.Y. 

Gattley, William Edwin (J’45) (ODEJNZ), 
Supt., Weston Motor & Elec. Co., 179 Main St. 
N.; for mail, 20 Sykes Ave., Weston, Ont., Can. 

Gaucher, Jules (J’42) (MCDN), Layout Engr., 
Simmons Ltd., 4700 St. Ambroise St., Montreal ; 
for mail, 1873 Sherbrooke St. E., Montreal 24, 
Que., Can. 

Gaugh, William James (J’44) (ABZKNO), Asst., 
Dept. of Aero. Engrg., Bldg. 33, Mass. Inst. of 
Tech. ; for mail, Rm, 420, Graduate House, M.I.T. 
Dormitory, Cambridge 39, Mass. 

Gault, Charles E. (J’39), U.S. Army; for mail, 
Route 3, 6200 Blue Ridge Cutoff, Kansas City, 


Mo. 
Gaum, Carl Gilbert (’27) (BOGNJL), Prof., 
Univ. Ext. Div., Rutgers Univ., New Brunswick, 


N.J. 

Gausmann, Robert Warner (’28;’40) (FKSZ), 
Research Dir., Indianapolis Power & Light Co., 
17 Meridian St., Indianapolis 6; for mail, 6062 
Central Ave., Indianapolis 5, Ind. 

Gauss, Henry F, (’26) (SFEKJB), Head, Dept. 
of Mech. Engrg., Univ. of Idaho; for mail, 721 
E. 1st St., Moscow, Idaho. 

Gavelek, William Arnold (J’44) (OZSFEK), 
Cons. Engr., 1203 S. Grove; for mail, 335 
Hamilton, Elgin, Ill. 

Gavit, Walter Palmer (’28) (SFEHKY), Power 
Engr., United Engrs. & Oonstructors, Inc., 1401 
Arch St., Philadelphia 5, Pa. 

Gawain, Theodore H, (J’42) (BHK), Cons. 
Engrg. Dept., Baldwin Loco. Works, Eddystone, 


Pa. 

Gay, Frazer Walker (’29) (EHKS), Asst. Re- 
search Engr., Pub. Serv. Elec. & Gas Co., 80 
Park Pl., Newark, N.J. 

Gaya, William Leon (J’41) (AEBOFM), Engr., 
United Fruit Co., Pier 3, North River, New 
York 6; for mail, 100 Stuyvesant Pl., St. George, 
S.0 1) N.Y, 

Gayer, George F. (’29;’41) (BSEHJA), Ch. 
Engr., Joshua Hendy Iron Works, Sunnyvale, 


Calif. 

Gayer, John D. (J’37), Ch. Mech. Engr., Brown, 
Brockmeyer Co., 1000 Smithville Rd.; for mail, 
Apt. 2, 261 Niagara Ave., Dayton, Ohio. 

Gayle, Gordon Donald (J’40) (CKDE), Lt. Ool., 
U.S.M.C., Instr., Comd. & Staff Sch., Quantico, 
Va.; for mail, 248 Dillon St., Houston 12, Tex. 

Gaylord, Laurence T. (’24) (H), V.P., Dir., 
Atlantic, Gulf & Pacific Co., 15 Park Row, New 
York, N.Y. ‘ 

Gaylord, Lewis Eugene (J’42) (OMZADJ), Pvt., 
Army Ground Forces Replacement Depot 2, Ft. 
Ord, Calif. 

Gaylord, William Waterman (’14; 719; 726) (SF 
EDML), Firm of William W. Gaylord, Cons, 
Engr., 131 Underhill Rd., Hamden 14, Conn. 

Gayman, Bert A. (’14) (D), Retired; 555 Occi- 
dental Ave., San Mateo, Calif. 

Gayman, W. Merlin (J’41) (BHW), Design Co- 
ordinator, Research Lab., Curtiss-Wright Corp., 
Buffalo 5, N.Y.; for mail, 712 Magnolia Ave., 
Pasadena 6, Calif. 

Gaynor, Herbert Fred (J’44), c/o Meyer Gaynor, 
477 Sheffield Ave., Brooklyn ee _ aA 

nor, Tom A, (J’40) (JD), Sales Mgr., 08. 

SG iar Oon Co oOiith Ave, 8.W., Seattle 
hes DeL (24) (SHE), Asst 

Gayton, Loran DeLancey (’ § ), Asst. 
City Engr., City of Chicago, Rm. 402, City Hall, 
Chicago 2, Ill. 

Gazin, William Rynard (743) (SFE), Mech. 
Engr., Middle West Serv. Co., 20 N. Wacker Dr., 
Chicago 6, Ill. 

Gazzam, Jos. P. (02), 4944 Lindell Blvd., St. 
Louis, Mo. ‘ 
Gearon, Gerald (’27), Supvg. Mech. Engr., Boiler 
& Refrigeration Inspe. Dept., City of Chicago, 

119 N. La Salle St., Chicago 2, Ill. 

Geary, Donald Ervin (J’43) (AEYFJI), Mech. 
Engr. & Engrg. Draftsman, Inglewood Branch, N. 
Am. Aviation, Inc.; for mail, 5355 W. 120th St., 
Inglewood, Calif. 

Gebben, Garold Edward (J’40) (LJM), Jr. 
Engr., Keller Brass Co., 955 Godfrey, S.E., 
Grand Rapids; for mail, 119 Barrett St., Grand- 
ville, Mich. 

Gebert, Russell Charles, Jr. (J’43) (TCDMYZ), 
315 8. Sterling Rd., Elkins Park 17, Pa. 

Gebhard, Leslie Nathaniel (A’31) (T), Treas., 
Wool Buyer, Noyes-Gebhard Co.; for mail, 37 
Harrison St., Taunton, Mass. 

Gebhardt, Charles Wendel (’43) (BIKNOY), 
Devel. Engr., Twin Coach Oo., W. Main St. ; 
for mail, 330 EB. Grant, Kent, Ohio. 

Gebhardt, Geo. F. (’04) (FKS), Prof. Emeritus 
Mech. Engrg., Ill. Inst. of Tech., 3300 Federal 
St., Chicago, Ill.; for mail, 469 N.E. 69th St., 
Miami, Fla. 

Gebhart, Arthur Fletcher, Jr. (J’44) (ABORS), 


Graduate Student, Old Dormitory, Calif. Inst. 
of Tech., Pasadena 4, Calif. 
Gebhart, Henry (’19) (ROABES), 611 Broad 


Blvd., Dayton 9, Ohio. 
Geddes, Leslie H. (’34) (BOM), V.P., Greenlee 
Bros. & Co., Rockford, Ml. 
Geenens, Leo (’24) (SBOJY), Elec. Engr., N.Y. 
City Tunnel Authority, 10 State St., New York 
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Geer, Roger Loran (’45) (JLM), Asst. Prof. & 
Acting Head of Matls. Processing Dept., Rand 
Hall, College of Engrg., Cornell Univ., Ithaca, 
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Geers, Joseph F, (’29) (CHJ), Pres., Index Mchy. 
Corp., 49 Central Ave., Cincinnati, Ohio. 

Geertz, Allan Ormsbee. (42) (FR), Fuel NEE, 
Pa. R.R., 30th St. Sta., Philadelphia 2, 

Gefvert, Charles John (23) (NOS), 
390 Riverside Dr., New York 25, N.Y. 

Gegan, Ambrose Joseph (J’40) (SEFKZ), Devel. 
Engr., Combustion Engrg. Co., Inc., Chattanooga, 
Tenn. ; for mail, 953 Highland View, N.E., At- 
lanta, Ga. 

Gegan, John Brandon (J’42) (ASC), Helper, Gen. 
Constr. Dept., Pacific Gas & Elec. Co., 245 
Market, San "Francisco ; 529 Talbot 
Ave., Albany, Calif. 

Gehlhar, Norman Wallace (J’41) (YLM), U. S. 
Rubber Co., Eau Claire, Wis. 


"Retired; 


for mail, 


Gehres, Hewitt A. (41) (EFKR), V.P., Dir. 
Engrg., Cooper-Bessemer Corp., Mt, Vernon, 
Ohio. 


Gehrig, Eugene Joseph (’46) (L), Mech. Engr. 
(Milling), Quaker Oats Co., Bd. of Trade Bldg., 
141 W. Jackson Blyd., Chicago; for mail, 2060 
Ridge Ave., Evanston, Il. 

Geier, Frederick V. (A’28) (ON), Pres., Cincin- 
nati Milling Mch. Co., Oakley, Cincinnati 9, 


Ohio. 

Geiger, Erwin John (J’43) (ANBSHO), Aviation 
Machinist’s Mate, 8rd Class, Naval Air Corps, 
FAETU-PAC, Det. 1, Naval Auxiliary Air Sta., 
Ream Field, San Ysidro, Calif. ; on mail, 6041 
S. Sacramento Ave., Chicago 29, 


Geiger, John W. (’27; 733; 85). ” (ESKFAR), 
Asst. Prof. Mech. Energ., Purdue Univ., West 
Lafayette, Ind. 

Geiger, Joseph D. (J’40) (CDMLN), Pres., 
Geiger Iron Works, Inc., Scotts Ave. & Pilgrim 
St., Stockton, Calif. 

Geiger, Walter Case (’34;’44) (FCL), Asst. 


Ch. Engr., Armour Leather Co., 500 Arch St., 
Williamsport, Pa. 

Geisel, Charles, Jr. (J’41) (MCDZY), 146 Fair- 
mount Ave., Chatham, N. 

Geisinger, Joseph Morlyn c 36 ’45) (SBKH), Jr. 
Engr., Detroit Edison Co., 2000—2nd Ave., De- 


troit 26; for mail, 640 Parkview Dr., Detroit 
14, Mich. 
Geissbuhler, John Otto (’35;’45) (BCJM), 


Devel. Engr., Gen. Elec. Co., 1183 E. 152nd St., 
Cleveland 10; for wel, 1314 Plainfield Rd., 
South Euclid ‘21, Ohi 

Geissler, William E. (87), Ch. Draftsman, 
Petree & Dorr Engrs., Ine., 120 Wall St., New 
York ; for mail, 18 Pocantico Rd., Ossining, NoYes 

Geist, James William (J’45) (LJFCDM), Engr., 
A. D. Sutherland, Mfrs. Rep., 515 Oliver Bldg., 
Pittsburgh 19; for mail, 2937 Glenmore Ave., 
Pittsburgh 16, Pa 

Geitmann, Russell J. (J’29) (BDS), Dist. Engr., 
Link-Belt Co., 548 Rockefeller Bldg., Cleveland 
18, Ohio. 

Gellert, Nathan Henry (’22) (CFKE), 


Pres., 
Seattle Gas Co., 


1511—4th Ave., Seattle 2, Wash. 
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Spiegel Dept., N.J. Zine Co. (ol Pa.) ; for mol, 
Residence Park, Palmerton, Pa. 

Grimes, Patrick Lawrence (J’40) (FSKB), 
Opera. Supvr., Tidd Plant, Ohio Power Co.; 
for matl, Yyox 440, Brilliant, Ohio, 

Grimes, Hichard Vernon (J'42) (ANWBY), Ch. 
Engr., Hartzell Propeller Co.; for moth, 921 
South St., Piqua, Oblo. 

Grimison, Edwin Douglas (27;'39) (FKLSEO), 
fixec, Awst., Babcock & Wilcox Co., 85 Liberty 
8t., New York 6, N.Y. 

Grimm, Adolph (’21;’25) (BGHMNO), Dir., 
Mech. Engrg., Design & Engrg. Div., Conlan 
Elec. Corp., 1042 Atlantic Ave., Brooklyn 16; 
for moil, 4 Mountain View Ave., Pearl River, 

¥. 


N.Y. 
Grimm, Eugene L, (’2%) (R), 3759 Brayton 
Ave., Long Beach 7, Calif. 
Grimmer, Ernent A, ('21;'31) (SFDBLK), 
Mech, Engr., Lathrop-Trotter Co,, 1240 Union 
Trust Bldg., Cincinnati 2, Ohio; for mol, GOT 
Roovevelt Bldg., Indianapolis 4, Ind. 
Grimmer, George C. (J’'41) (LEP), Capt., Big. 
Force Hdq., Signal Sec, A.P.O. 612, 


Grimmett, C26 5 782 5 185) (CLMB), 
Div. Mig. Megr., Foods Corp., 250 Park 
Ave., New York 17, N.Y. 

Grimshaw, William Frederick (J’21) (BM), 
Serv. Engr., Ingersoll-Rand Co., 1687 Blake St., 
Denver 2, Colo. 

Griner, John Edward (J’45) (CFR), Caterpillar 
Tractor Co., Peoria; for mail, 129 8. Hleanor 
P1., Peoria 5, Il. 

Grinter, Linton E, (44) (BCAN), V.P., Dean of 
Graduate Sch., Ill. Inst. of Lech., 2200 Federal 
St., Chicago 16, I 

Grisbaum, Leonard D, (’17;720;'85), Charge 
Engi, Research, Ry. Serv. & Supply Corp., 
610 S$. Harding, Indianapolis, Ind, 

Griscom, Elmer W. (J'21) (CF), Tech. Dept. 
Foreman, Sinclair hag bes Co., Marcus Hook; 
for mall, 208 ¥, 26th St., Cheater, Pa. 

Grise, Warren K. (J'42), @nd Wt, Army Air 
Forces, Box 82, Army Air Field, Amarillo, Tex. 

Grissy, William Andrew ('45) (CMDOLN), 
Indus. Engr., C.P.A., 41 Linnaean 8t., Cam- 
bridge, Mass. 

Griswold, Edgar Allen (3'45) (BCHO), Owner, 
Edgar A. Griswold & Associates, 106 W. Grd St., 
Los Angeles; for mail, 6641 Pollard St., Low 
Angeles 42, Calif. 

Griswold, Frederick, Jr. (A’44), 242 roadway, 
New York, N.Y. 

Griswold, Melson D, ('24;'28) (BELCMI), Avst. 
Gen. Mar., Vex. Div., Dow Chem. Co.; for mail, 
1514 W, 4th St., Freeport, Tex. 

Griswold, Robert Gray (’22) (S¥D), Pres, 
eee Advisers, Inc., 70 Pine Bt, New York 5, 
N.Y. 

Griswold, Thos., Jr, (20) (KLW), Cons. Engr., 
Dow Chem. Co., Midland, Mich, 

Grob, John J. (GSP) (EFBZ), Test. Co- 
ordinating Engr., Consltd, Edieon Co, of S Py Or 


Ine., 4 Irving Pl, Kew York 4, N.Y. 

Grobholz, Baymond Kenneth (J’'44) (EHS), 
Hales Engr., Worthington Pump & Mehy. Corp, 

Harrison; for matl, 664 Devon St, Arlington, 

NJ. | 

Grodner, Abraham ('27;'42) (LINBKY), Ch. 
Engr., Alloy Fabricators Div., Kobinvon Founda- 
tion, Inc., Market St., Perth Asiboy, Bd. 


Gen. 


GROENE 


Groone, Willard LeBlond (A’45) (ABRMNR), 
Mer., Cinelnnati Office, Toulmin & ‘Toulmin, 
1109-10 Carew Tower, Cineinnati 2, Ohio, 

Groff, Howard M, ('17;'85) (CMNJTY), Asst. 
to Prea., Conmar Products Corp., 140 Thomas 
St., Newark, N.J.; for mail, 219 Marietta St., 
Mt. Joy, Va. 

Groff, Joseph Coblentz (J’24) (BEHNS), Devel. 


Iingr., Charge Power Pump Design, Aldrich 
Pump OCo,, loot of Gordon 8t.; for mail, 111 
N. 4th St., Allentown, Pa. 


vines Wm, O, 
2 aged Rd., 
Co., 

Groese Baward penny Jr. (J'48), 416 Thieriot 
Ave,, Bronx 

Gronbach, Toha e (’27;'85) (SO), Dist. Mer., 
Natl. Aluminate Corp., Chicago, Ill.; for mail, 
R.R. 8, Chagrin Falls ‘Ohio. 

Gronemeyer, George Edward (J’82) (OSFEKY), 
Power Engr., IH. I. du Pont de Nemours & Oo., 
10th & Market Sts., Wilmington; for mail, 208 
South Rd, Wilmington 274, Del, 

Groom, Joseph Howard (’27;'85) (BOHJMN), 
Mech. Engr., Oincinnati Milling Meh, Oo., 
Oincinnati; for mail, Box 168-3, RR. 608, 


Oineinnati 27, Ohio, 
Groothuis, Herman (’22) (8S), Engr., United 
Inc., 1401 Arch St., 


Engrs. & Constructors, 
Philadelphia 6; for mail, 7108 Hilltop Rd., 
(J'88) (JMNWY), Ch. 


Upper Darby, Pa. 
Radio Oorp,, 48-20—84th 


Groschoff, Ernst HH, 
Draftsman, Andrea 
St., Long Island City 1; for mail, 66-15—141st 
St., Flushing, N.Y, 


Grosoclose, Frank Farrier (’42) (CDMO), Prof. 


(40) (EFP), Cons. Engr., 7252 
Richmond Heights 17, St. Louis 


& Head, Indus. Engrg., Ga. Sch. of Tech,, 225 
North Ave., N.W., Atlanta, Ga, 
Grosjean, Charles Henry (J’46) (KLS), Dist. 


Mer., Yarnall-Waring ©o., 6482 Oass Ave., De- 
arr 2; for mail, 16087 Ward Ave., Detroit 27, 
ch. 

Gross, Albert (J’40) (ERFKOS), Engr., Voorhees, 
Walker, Foley & Smith, 101 Park Ave., New 

A for mail, 41-41—41st St., Long Island 

Gross, Glaude M, (27) (CDLW), 1727 E, 8rd 
St., Tucson, Ariz, 

Gross, Frank Robert (46) (BKO), Project 
Engr., Firestone Tire, & Rubber O©o., Akron; 
for mail, 665 Malvern Rd., Akron 8, Ohio, 

Gross, Joseph Watson, Jr. (J'42) (OM), Engr., 
Indus, Statistics, Tube Div., ons Elee. Oo., 1 
River Rd, Schenectady DS Nee 

Gross, Lester (J’46) (KOB), Oh. Engr., Gen. 
Installation Oo,, 2284 Olive, St. Louis, Mo. 

Gross, Michael F, (’24), Oh. Engr., Colonial 
Sugara Oo, ; for mail, Box 64, Gramercy, La. 

Gross, Samuel (’28; '85) (LSOTY), Partner, Shef- 
ge. Oo,, 1000 Drexel Bldg., Philadelphia 6, 

a, 

Grossenbacher, Ernest (’21;'85) (BMS), Ch. 
Engr., Majardo Sugar Co., Fajardo, P.R. 

Grossenbacher, Ernest, Jr. (J'40) (NMDRSZ), 
Mech, Design Engr., Pittsfield Apparatus Works, 
Gen, Elec, Oo,, 100 Woodlawn Ave.; for mail, 
66 Taylor St., Pittsfield, Masa, 

Grosser, Christian Ernest (’44) (IIJNBSO), V.P., 
Oh, Bner., Stand. Mechy. Go., Providence 7, ne 

Grosser, Wilfred R, (J'41) (Bns), 616 Ramapo 
Rd., Teaneck, N.J. 

Grosskopf, LaVerne R, (J’41), Lt., U.S.A. 3 2870 
Rockingham Rd,, Davenport, Towa, 

Grossman, Franklin Arthur (J’37) (EFKMHB), 
Sales Engr., Servel, Inc., 122 8. Michigan Ave., 
Chicago 8, Tl. 

Grossman, Martin Luthor (45), Oelanese Corp. 
of Am,, 180 Madison Ave., New York 16, N.Y. 
Grossman, Nicholas (J’ 44) (BJOM), Stat Mem., 
Research Wner., Div. of Indus. Cooperation, Masa, 


Inst. of Toch., 77 Massachusettts Ave., Cam- 
bridge 89, Mass, 
Grossman, Paul Robort (J'48) (WSWOL), Re- 


search & Devel. Div., Babcock & Wilcox Co., 85 
Liberty St., New York 6, N.Y. 

Grosswendt, Carl J, ('42) (OMO), Indus. Enegr., 
Fed. Tel. & Radio Corp., 200 Mt. Pleasant Ave., 
Newark; for mail, 111 MeKinley S8t., Nutley 10, 

Grosswondt, Oarl Theodore (3'42) (OMDW), 
William Mogey & Sons, Ine., North ented for 
mail, 627 Oarleton Rd., Westfleld, 

Grosz, Molvin Harry (J’40) (OLY) Admin. Asst. 
to Megr., Chem. Produets Div., Stand. Oi] Co. of 
N.J., North Baton Rouge, Ta. 

Groth, Hans F, A, (’45) (NMOZ), Cons. 
52 Summit Rd., Port Ail ci N.Y. 

Grothouse, Frank Thomas ('87) (BNMKSY), 
Engr., Automatic Blanket & Sunlamp Div, 22- 1, 
Gen, Elec, Co,, 1285 Boston Ave., Bridgeport 2, 


Ener., 


Conn. 

Grove, Olifford Theodore (J'41), Tool Wner., 
Glenn L, Martin Oo, (of Middle River, Md.) ; 
for mail, 1111 Park Ave., Omaha, Neb. 

Grove, Paul Forest (J'42) (BKS), Engr., Serv., 
Westinghouse lec, Corp., 411 N. 7th St., St. 
Louis 1. Mo, 

Grove, Willard Virgil (J'42) (BLS), Design, 


Babcock & Wilcox Co,, Barberton ; for mail, R.D. 
1, Olinton, Ohio. 

Grove, Wm. G, (18) (OBMOAD), Engr., Bridges 
& Structures, Conn, State Highway Dept., Hart- 
ford, Conn, 

Grover, Ronald E, (J’42) (AJM), 12 State Rd, 
Binghamton, N.Y 

Grow, Harlow Bovier (3°48) (AOS), Pilot, Trans- 
continental & West. Air. Ine., 10 Richards Rd, 
Kansas Oity; for mail, Box 87, Linden, Mo. 


Grow, 


Joseph Albert (’18;’'85) (2), gs 
Engr., Bovaird & Seyfang Mfg. Co., 161 Main 
St.; for mail, 199 South Ave., Bradford, Pa, 

Growdon, James Paul (’85) (MHSKO), Ch. Hyd. 
Engr., Aluminum Co. of Am., 801 Gulf Bldg., 
Pittsburgh 19, Pa. 

Grubb, Wm, 0. (J’46) (ACD), 1007 W. Main St., 
Dothan, Ala. 

Grube, Charles Wallace (J’41) (LDB), Pvt., 
U.S.A,; 6409 EB, 25th St., Kansas City, Mo. 

Grube, Donald E, (’27;’39) (HFSKR), Engr., 
Owens-Ill. Glass Co.; for mail, 2830 Mound St., 
Alton, Il. 

Grube, Frederick John (J’44) (AJS), 62 Co- 
lonial Ave., Lynn, Mass. 

Grube, Wallace McQuown (J’44) (ART), 545 
et ak Ave., Oradell, N.J. 

Grubelich, Matthew J. (J’89) (BOEFJN), Asst. 
xec, Engr., Plainfield Plant, Mack Mfg. Corp., 
985 8. 2nd St.; for mail, 800 W. 7th St., Plain- 


field, NJ. 

Gruber, Gottlieb John (’24) (BHL), Design- 
Devel. & Test Engr., Morris Mch. Works; for 
mail, 18 W. Oneida St., Baldwinaville, N.Y. 

Gruber, Jerome M, (S41) (EJS), Capt., Hdq. 
i 03rd Engr. Combat Gp., A.P.O. 2380, New York, 

Xi 

Gruca, Walter (J’89) (SKJF), Asst. Engr., Stand. 
Forgings Oorp., East Chicago; for mail, 918— 
174th St., Hammond, Ind. 

Gruenberg, Emil (’45) (KLS), 3405 Putnam P1., 
New York 67, N.Y. 

Gruenberg, Otto C, (’27;’82) (ROESKB), aia 
M.P., N.Y., Susquehanna & West. R.R. Co., 
Market St., Paterson 1, N.J. 

Gruendler, Wm, P. (’27; 85). (BODFJL), Treas., 
Gen. Mgr., Gruendler Grithe & Pulverizer Co., 
2916 N. Market St., St. bare 6; for mail, 27 
The Orchards, ra teas 6, M 

Gruetjen, Frederick A zy (CLBMRA), Prod- 
ucts Engr., A. O. Smith Oorp., 8588 N, 27th S8t., 
Milwaukee 1, Wis. 

Gruett, LeRoy Emil (J’45) Hee IM, Tech- 
nician Charge Exper, Lab., Falk Corp., 8001 W. 
Oanal 8t., air oe ha for mail, 4460 N, 80th 
Sti Milwaukee 9, 

Grugan, William rheeueen (J’45), Lt, GE. 
U.S.N.R., U.S.S. Miller, DD-585, F.P.O 
Francisco, Calif. 

Grumblatt, Victor Joseph (J’48) (MJE), Refrig- 
erator Engr., Gen. Elec. Co., 1 River Rd., Sche- 
nectady, N. Y.; ; for mail, 820 W, 22nd St., Erie, 


Pa 

Grundberg, Curtis Axel (J’48) (NMJBOA), De- 
signer of Serv. Toola, Sperry Gyroscope Co., Inc., 
4th Floor, 81 Willoughby St., Brooklyn 2, N.Y. 

Grundman, Richard William (J’88) (DLON), 
Mech. Engr., John B ogaa! Co., 1860 Broadway, 
New York a N.Y.; for mail, 14 Ryder Rd., 
Fairlawn, N.J 

Grundy, Aifred ‘Stephen (J3'44) (KHBALZ), Mech. 
Engr., Shell Devel. Co., 100 Bush St., San Fran- 
cisco 6, Calif. 

Gruner, Frederick Rusticus (’46) (BJL), Allis- 
Ohalmers Mfg, Co,., Milwaukee; for mail, 8160 
N. 41st St., Milwaukee 10, Wis. 

Grunort, Arthur Earl C163 °213 28) (OFKS), 
Melville Medallist, ’81; Supt. Generating Stas., 
Commonwealth Edison Co., 1111 W. Cermak Rd., 
Chicago 8, 

Grunewald, Robert Lockhart (J’44) (ODJ), 
Engr., Gen. Elec. Oo., Broadway, Ft. Wayne; 
for mail, 627 W. Main St., New Haven, Ind. 

Grupe, William F, (’18; ’21;’85) (G), 4511 New 
York Ave., Union City, N.J. 

Grutle, Reinert O, M, (J’85) (SEFM), Twin 
Valley, Minn, 

Grutzner, Fritz Paul (’28) (ROESFA), Engr., 
Charge Diesel-Loco, Engrg., Fairbanks, Morse 
& Oo. ; for mail, 1188 Milwaukee Rd., Beloit, Wis. 

Gruver, John Henry (’45) (BOLMN), Mech. 
Ener., Addressograph-Multigraph Corp., 1200 
Babbitt Rd., Cleveland 17; for mail, 1849 Raylor 
Rd,, Cleveland 12, Ohio. 

Gryglas, Steven (J’88), 8121 N. 79th Ave., Elm- 
wood Park 85, Ill. 

Grygotis, Withold J. (J’87) (LMS), 2122 In- 
galls Ave., Linden, N.J. 

Gschwind, Jean F, (42) (LKTYS), Devel. Engr., 
J, O. Ross Engrg. Corp., 850 Madison Ave., New 
Mes 17; for mail, 720 Grand St., Mamaroneck, 


Guastella, Salvador Felix (J’40) (BDHKNS), 
Auxiliary to Ch. Engr., Ofa. Azucarera Atlantica 
del Golfo, Central Moron, Pifia, Camagiley, Ouba, 

Gubitose, Nicholas Francis (J’44) (ABDNRT), 
Asst. Engr., U.S. Textile Mch. Co., 411 Gilligan 
St., Seranton; for matl, 748 Monroe Ave., Scran- 
ton 10, Pa. 

Guckelberger, Goorge Weyler ('40) (OFK), 
Secy., Treas., Gen. Mer., Stegmaier Brewing Co., 
152 TH. Market St., Wilkes-Barre; for mail, 29 
Hedge Pl., Kingston, Pa, 

Guden, Jack ©, (J’84), 52 Roosevelt, Ave., Lyn- 
brook, L.I., NY. 

Gudmens, H, Wm, (’27) (CAMLSY), Financial 
Engr., Thomas Emery’s Sons, Inc., 4500 Oarew 
Tower, Cincinnati 1; ie mail, 8621 Zumetein 
Ave., Oineinnati 8, Ohio. 

Gudmundgen, Austin ('24 
97th St., Inglewood, Cali 

Gudmundson, Gunnar G., Jr, (J’89) (OGM), aco 
Enegr., Mich, Designing & mere Oo., 8445 W. 
Fort St., Detroit, Mich.; for mail, 160 Lincoln 
Ave. E., Roselle Park, N.J. 
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Guentert, Donald Charles (J’41), Mech. Engr., 
Natl, Advis. Com. for Aero., Cleveland Airport. 
Cea for mail, 9014 Beech Ave., Cleveland 
b 0. 

Guenther, Edgar Gardiner (J’87) (TL), Asst. 
Supt., Acetate Rayon Div., Tenn. Eastman Corp. ; 
for mail, 1808 Linville St., Kingsport, Tenn. 

Guenther, Michael J., Jr. (J’87) (HM), 24 Day 
St., Clifton, N.J. 

Guenzel, Rudolph Andrew (J’48) (JAMC), Weld- 
ing Specialist, Westinghouse Elec. OCorp., 8001 
Walnut St., Philadelphia 4; for mail, 4602 Wayne 
Ave., Philadelphia 44, Pa, 

Guerdan, George Alfred (3 9) (NMBWOC), Asst. 
Prof. Mech. Engrg., Sch. of Tech., College of the 
City of N.Y., 188th St. & Convent Ave., New 
York, N.Y.; for mail, 755 Anderson Ave., Cliff- 
side Park, NJ 

Guernsey, Okiiter 0. (’80) (CENS), V.P., 
Marmon-Herrington Co., Inc., 1511 W. Washing- 
ton St., Indianapolis 7, Ind. 

Guerrero, Joaquin Eugene (45) (KOS), 4801 
Lemmon Ave., Dallas 9, Tex. 


Guggenheim, 'g, Frederic (J’39) (BEKNYS), 
Engr., Madison Metal Works, 42 Park Ave., 


oe amauta for mail, 288 8. Center St., Orange, 

Guiberson, 8, Allen, III (’41), Pres., Guiberson 
Oorp., Box 1106, Dallas, Tex. 

Guidon, Michael, III (J’42) (AHM), Student 
Engr., Hyatt Bearings Div., Gen. Motors Corp., 
i ; for mail, 121 Mt. Pleasant Ave., New- 
ark, N.J. 

Guillemette, Joseph Dydime (’38) (OSTFLH), 
Engr., Jenks & Ballou, 2600 Indus. Trust Bldg., 
Providence 8; for mail, 538 Auburn St., Paw- 
tucket, R.I. 

Guillou, John ©, (J’48) (HAR Mey Army of U.S.; 
8512 Lilienthal Ave., Los Angeles 45, Calif. 

Guillou, Rene (’46) (EGK), Engr., College of 
Engrg., Univ. of Calif. ; to matt, 10810 Holman 
Ave., Los Angeles 24, Calif. 

Guilloud, Lynn Henry (J’46), G. H. Lossing Mch. 
ee 811 Exposition Ave., Dallas; for mail, 
Route 1, Pottsboro, Tex. 

Guinan, John F. (’80;’86) (BORS), Asst. Engr., 
Mech. Engrg. Dept., Consltd. Edison Co. of 
N.Y., 4 Irving Pl., New York; for mail, 58 
Remsen St., Brooklyn, Ne Xe 

Guins, Sergei George (J’43) (BAHW), Mathe- 
matician, Propeller Div., Curtiss-Wright Corp., 
880 Main St., Stamford, Conn. 

Guins, Vsevolod Georgievich (J’45) (EHS), De- 
sign Engr., Joshua Hendy Iron Works, Sunny- 
vale; for mail, 951 Forest Ave., Palo Alto, Calif. 

Guldberg, Dan Haigh (’21;’85) (BCDJMN), 
Plant Engr., Am. Cast Tron Pipe Co., Birming- 
eat ol for mail, 2842 Bush Blvd., Birmingham 


quiicke” Horace Silliman (45) (RHAOCJS), Asst. 
m ie V.P., N.Y. Air Brake Co., Watertown, 


Guiick, Lee Nelson (’28; ’85) (JCL), Prof. Mech. 
Engrg., Asst. to Dean, Towne Sci. Sch., Univ. of 
Pa., 88rd & Locust Sts., Philadelphia 4, 

Gulick, Walter Cox (J’48) (BJC), Indus. Engr., 
Ethyl Corp., Box 841, North Baton Rouge; for 
mail, 8242 Beech St., Baton Rouge, La. 

Gulliksen, John Walter (J’26) (MJO), Asst. to 
Gen. Mgr., Worcester Pressed Steel Co., 100 
Barber Ave., Worcester 6; for mail, 10 Perrot 
St., Worcester 2, Mass. 

Gullikson, Albert Clarence (’25;’35) (GNME), 
Gen, Engrg. Instr., Univ. of Wash.; for mail, 
4820 FE. 56th St., Seattle 5, Wash. 

Gumaer, Pierre Laertes (’20;’27;’85) (OF), 
Mech. Ingr., Tex. Oo., 185 E. 42nd St., New 
York 17; for mail, 90 Kent Ave., Hastings- on- 
Hudson 6, N.Y. 

Gumprich, Wilbert C, (J’40), Estimator, Mar. 
Design & Estimating Div., Babcock & Wilcox 
Co., 85 Liberty St., New York 6; for mail, 799 
FE. 88th St., Brooklyn, N.Y. 

Gunby, Frank M. (’15) (LOST), Assoc., Chas. 
T. Main, Inec., 201 Devonshire St., Boston 10; 
for mail, 12 Manchester Rd., Winchester, Mass. 

Gunderson, Charles Kenneth (J’44) (ANKS), 
Ensign, U.S.N.R., Asst. Engrg. Officer, Chi- 
kaskia, AO-54, F.P.O., San Francisco, Calif. ; 
for mail, Box 877, Grants, New Mex. 

Gunderson, G, Charles (’26) (DHY), Mech. ° 
ag a Bakelite Corp., River Rd., Bound Brook, 

J 


Gunderson, Lewis Olin (’45) (KRJT), Asst. 
V.P., Chem. Engrg. Research, Dearborn Chem. 
Oo., 810 S. Michigan Ave., Chicago 4, III. 

Gundrum, John Harry (J’40) (LDJ), Project 
Engr., Armstrong Cork Co., Liberty & Charlotte 
Sts.; for mail, 21 E. Lemon St., Lancaster, Pa. 

Gung, George (J’40) (ABHMNR), Test. Engr., 
Radiographer, Hydro-Elec. Power Comm, of 
Ont., 8 Strachan Ave., Toronto, Ont., Can. 

Gunkel, Kenneth Marvin (J’388) (B), Maj., 2nd 
Army Air Force, Colorado Springs, Colo, 

Gunkel, Robert E. (J’41) (OM), 2679 E. 27th 
St., Brooklyn 29, N.Y. 

Gunnell, Bruce Covington (J’82) Caeneey i 
Diesel Engr., So. Ry. System, 15th K 8t., 
Washington 18, D.0. ‘ 

Gunning, William A. (’86) (NZ), Mech. Engr., 
Head Draftsman, Am. Optical Co, ; for mail, 119 
Hartwell St., Southbridge, Mass. 

Gunter, Addison Yancey (’45), Dir. of Devel., 
Alco Products, Ine., 80 Church St., New York; 
Jor mail, 29 Bonnett Ave., Larchmont, N.Y. 
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Gunther, Carl (J’44) (CMNJS), Asst. Ch. Engr., 
Pollak Mfg. Go., 541 Devon St., Arlington; for 
mail, 165 Union Ave., Rutherford, N.J. 

Gunther, Charles Otto ('00;’05;719) (BEKJ 
FM), Prof. Math. & Ord. Engrg., Stevens Inst. of 
Tech., Box 822, Hoboken, N.J. 

Gunther, Frederick J. (J’38) (AEP), 429 N. 
Grand Ave., Waukesha, Wis. 

Guppenberger, Francis John (J’44) (KJHO), 
Rating Engr., Graham Mfg. Oo., 4-12 Howard 
St.; for mail, 75 S. Main St., Batavia, N.Y. 

Gupton, Theodore (’44) (ERKF), Dist. Mgr., 
Diesel Div., Am. Loco. C©o., 1218 Commerce 
Bldg., Kansas City 6; for mail, 820 E. 68th 
Terrace, Kansas City 5, Mo, 

Gurin, Herman M. (J’36) (BLOZO), Devel. 
Engr., Natl. Broadcasting Co., 80 Rockefeller 
Plaza, New York 20; for mail, 4877 Broadway, 
New York 84, N.Y. 

Gurney, Wm. B, (’24;'85;'85) (OFK), Effic. 
Engr., Gulf States Utilities ; for mail, 2631—100 
Oaks Ave., Baton Rouge, La. 

Gurvitch, Joseph Enoch (J’40) (WYAD), Ply- 
wood Engr., Plymold orp., Lawrence; for 
mail, 87 Ft. Pleasant Ave., Springfield, Mass. 


Gus, Charles E, (’28;’41) (BR), Exec. Secy., 
Prof. Engrg. Mechanics, College of Engrg., 
N.Y. Univ., University Heights, Bronx 53; 


for mail, 8801 Shore Rd., Brooklyn 9, N.Y. 
Gusler, Denard Lee (J’44) (ES), Bassetts, Va. 
Guss, Edward (’39;’45) (CQMB), Sales Engr., 

T. W. & O. B. Sheridan OCo., 135 Lafayette St., 

New York, N.Y.; for mail, 85 Van Reypen St., 

Jersey Oity 6, N.J. 

Gussack, Seymour Irving (J’45) (MLO), Product 
Designer, Grant Pulley & Hardware Oo., Broad- 
way & 57th St., Woodside; for mail, 80-29— 
150th Pl., Flushing, N.Y. 

Gustafson, James Keith (J’44) (AZK), 80 W. 
Beacon, West Hartford 7, Conn. 

Gustav, Cornelius Frederick (A’45) (OMDNBS), 
Dir. of Installations, Stand. Indus. Mgmt. O©o., 
1776 Broadway, New York 19; for mail, 136 
Waverly Pl., New York 14, N.Y. 

Gustavsen, Emil (?28; °82;’85) (LST), 264— 
10th St., Hoboken, N.J. 

Gute, Harry (J’39) (CSHL), Field Engr., Allis- 
Chalmers Mfg. Co., 715 N. Van Buren St., 
Milwaukee 2, Wis. 

Gutekunst, Ralph B, (’40) (CFKS), Effic. Engr., 
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Gen. Elec. Co., Schenectady; for mail, 64 Vley 
Rd., Scotia, N.Y. 

Halloran, Joseph Michael (J’45) (CMJZKN), 
Mer., Furnace Div., A. Holden Co., 52 
Richards St., West Haven 16, Conn. 

Halloran, Ralph A. (’18;’35) (EF), Calif. Re- 
eure Corp., 200 Bush St., San Francisco 4, 

alif. 

Sate, Thomas E. (J’39) (CEJ), R.D. 4, Troy, 


Halpern, Benj. M. (’21;’26), Partner, Mer., 
Gibson & Halpern, 15 Park Row, New York, 


N.Y. 
Halpern, William (A’44) (NMB), Owner, Wm. 
Halpern & Co., 538 Park Pl., New York 7, N.Y. 


Halpin, Carl L. (’29;’35) (CDMOZH), Cons. 
ae g2t6 Harvard Rd., Grosse Pointe Park 
ic! 


Halporn, Arnold Davidson (’44) (EFKS), Sales 
Engr., Combustion Engrg. Co., Inc., 200 Madi- 
son Ave., New York; for mail, 810 W. 85th St., 
New York 24, N.Y. 

Halsey, William Darrach ('16; ’18;’23) (SFO 
KILZ), Ch. Engr., Boiler Div., Hartford Steam 
Boiler Inspe. & Ins. Co., 56 Prospect St., Hart- 
ford 2, Conn. 

Haltenhof, Harold Roy (J’45), Tech. Analyst, 
Babcock & Wilcox Oo., 85 Liberty St., New 
Ere GS for mail, 700 E. 141st St., New York 

Halvorsen, Robert Alfred (J’40) (OMJ), Secy., 
Treas., Sterling Die Casting Co., Inc., 74383— 
39th St., Brooklyn 82, N.Y. 

Halzel, George Charles (J’45) (SDFKZH), Mech. 
Engr., Stone & Webster Engrg. Corp., 49 Fed- 
eral St., Boston; for mail, 11 Colonial Ave., Dor- 
chester 24, Mass. 
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Ham, Clarence W. (’16) (NBDMEH), Prof. Mch. 
Design, Univ. of Ill., 113 Trans. Bldg., Urbana, 


tl. 

Ham, Merrill Turner (J’44) (KEF), Sgt., Corps 
of Engrs.; 41 Western Ave., Augusta, Me. 

Hamaker, Frank Maurice (J’44), 2230 Haste 
St., Berkeley 4, Calif. 

Hamaker, John Donald (J’40) (WJMCD), 544 
E. Jefferson Ave., Kirkwood 22, Mo. 

Hamann, Charles Henry, Jr. (J’45) (SRZBKN), 
Jr. Engr., Union Elec. Power Co., 315 N. 12th 
St., St. Louis; for mail, 4663 Maffitt Ave., St. 
Louis 18, Mo, 


Hamblet, Geo, W. (’21) (CDM), Propr., 
pen blet Mch. Co., 30 Island St., Lawrence, 
ass. 


Hambleton, Warner VanMurray (J’43) (SFKJ 
BO), Asst. Ch. Engr., Boiler Div., Henry Vogt 
Mch. Oo., 1000 Ormsby St., Louisville 10; for 
mail, 1248 8S. Jackson St., Louisville, Ky. 

Hamel, Clarence G. (J’27) (SFHKZ), Engr., 
Consltd. Edison Co. of N.Y., Inc., 4 Irving Place, 
New York 3; for mail, 45 Hawthorne Pl., Man- 
hasset, N.Y. i 

Hamer, Ian Malcolm (J’42) (HACJNM), Ch. 
Engr., Dowty Equip. (Canada) Ltd., 999 Aque- 
duct St., Montreal 3, Que., Can. 

Hamil, James Kenney (’44) (BOGLMN), Mer. 
Mch. Devel., Remington Arms Co., Inec., 939 
Barnum Ave., Bridgeport; for mail, 591 S. 
Compo_Rd., Westport, Conn. 

pe ee Clement (J’42) (CEM), Box 112, 

roy, Ala. 

Hamill, John Richard (J’37) (OLSCHK), Sales 
Engr., Worthington Pump & Mchy. Corp., 2905 
N. Broad St., Philadelphia 32, Pa. 

Hamill, John Stafford (J’38) (MOJ), Supervisory 
Machinist, Naval Gun Factory, Washington 3; 
{on mart 4617—5th St., N.W., Washington 11, 


Hamill, Samuel M,, Jr. (’41), Asst. Supt., Elec. 
Oper. Dept., Cincinnati Gas & Elec. Co., Box 
856, Cincinnati 1, Ohio. ; 

Hamill, Thomas (J’40) (LBKSZY), Engr., Farrel- 
Birmingham Oo., Ine., 25 Main St., Ansonia; 
for mail, 50 Mayflower Pl., Milford, Conn. 

Hamilton, Allan Robert (J’45) (CJSK), Mech. 
Engrg. Dept., Can. Wire & Cable Co., Ltd., 
Laird Dr., Leaside; for mail, 118 Armstrong 
Ave., Toronto 4, Ont., Can. 

Hamilton, Arthur Stuart, Jr. (’35; 745) (NLM 
fe ae Engr., 83 Westland Ave., Rochester 


13, NuY. 

Hamilton, Charles Andrew (’20;’24) (SFHO 
KW), Sr. Mem., Hamilton-Weeber, 354 House- 
man Bldg., Grand Rapids 2, Mich. 

Hamilton, Chester B., Jr. (’09; 714) (MJC), 
Pres., Hamilton Gear & Mch. Co., 62 Van Horne 
St., Toronto 4, Ont., Can. 

Hamilton, Donald B, (J’36) (OM), 7819 S. 
Peoria St., Chicago 20, Il. 

Hamilton, Douglas Thomas (’16;’20) (BMN), 
Publicity Mgr., Fellows Gear Shaper Co., 78 
River St.; for mail, 100 Summer St., Spring- 
field, Vt. 

Hamilton, Earl Baten (J’44), 229 E. Lewiston 
Rd., Dayton, Ohio. 

Hamilton, Eugene Dale (J’45) (HLY), 
Everett St., El Cerrito, Calif. 

Hamilton, Geo. S. (J’87) (ABG), Design Engr., 
- Ford Instrument Co., Rawson St. & Nelson Ave., 
Long Island City; for mail, 118 Mowbray PIl., 
Kew Gardens, L.I., N.Y. 

Hamilton, James C, (J’43) (CZDEMJ), Design 
Engr., Hardy Mfg. Corp., Pendleton; for mail, 
1412 Meridian St., Anderson, Ind. 

Hamilton, John Simpson, Jr. (J’45), c/o A. R. 
Melick, 2023 S. 6th, Allentown, Pa. 

Hamilton, John Stuart (J’40) (AOM), Field 
Serv. Engr., Boeing Aircraft Co., Seattle 14; for 
mail, College Club, 6th & Spring, Seattle, Wash. 

Myron B. (J'43) (KLEYWR), Sales 
Engr., Ross Heater & Mfg. Co., Inec., 1407 West 
Ave., Buffalo 13; for mail, 1679 Amherst St., 
Buffalo 14, N.Y. 

Hamilton, Newell (’41) (BODEFG), Supt., Steel 
Mill, Babeock & Wilcox Tube Co., Beaver Falls, 


Pa. 

Hamilton, Robert Compton (J’42) (ACE), 616 
Puritan Rd., Birmingham, Mich. 

Hamilton, Samuel Lewis (J’41) (KOZHLC), De- 
sign Engr., Fla. Hill York Corp., 1225 S.W. 
8th St., Miami; for mail, Apt. 2, 33 S.W. 11th 
Ave., Miami 36, Fla. 

Hamilton, Stuart (J’42) (ESAKB), 240 Montclair 
Ave., Newark 4, N.J. 

ees T. Hayden (’27), Box 113, Coytes- 
Ville, we 

Hamilton, Thomas Patrick (’42) (HOMR), Plan- 
ning Supvr., Hyd., N.Y. Air Brake Co. ; for mail, * 
147 Thompson BIvd., Watertown, N.Y. 

Hamilton, W. B. (’12) (HMBC), Sales & Prod. 
Biges, Hardie-Tynes Mfg. Co., Birmingham 1, 

a. 


Hamilton, William Edward (’24) (FDEHS), 
Partner, Sanderson & Porter, 52 William St., 
New York, N.Y. 

Hamilton, William Floyd (’27;'34;’85) (YK 
BT), Dir. of Engrg., Ensign-Bickford Co.; for 
mail, Massaco St., Simsbury, Conn. S 

Hamilton, William I, (J’35) (ENBFOO), Ch. 
Engr., Lanova Corp:, 27-01 Bridge Plaza N., Long 
Island City 1; for mail, 53-146—68rd St., Mas- 
peth, L.I., N.Y. 

Hamilton, Wm, J. (’05) (©), Secy., Hendrick 
Mfg. Co., 51 Dundaff St., Carbondale, Pa. 
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Hamilton, William 8. H. (’45) (REFK), Equip. 
Elec. Engr., N.Y. Cent. R.R., 466 Lexington Ave., 
New York 17; for mail, 65 Edgewood Ave., 
Larchmont, N.Y. 

Hamlen, Earle Kenneth (42) (NGMJ), 223 
Birchwood Ave., Cuyahoga Falls, Ohio. 

Hamlin, Charles P. (J’37) (CEF), Gas Engr., 
Gas Serv. Co., York Rite Bldg., Wichita, Kan. 
Hamlin, Eugene E., Jr. (J’46), Box 227, Balboa, 

Z 


C.Z. 

Hamlin, Perley Chamberlain (J’44) (CMDEF), 
Sr. Indus. Engr., Natl. Supply Co., Border St., 
Torrance; for mail, 10301 Mississippi Ave., Los 
Angeles, Calif. 

Hamlin, William Fred (J’41) (JMNKYR), Ch. 
Engr., Model Engrg. Corp., Box 635, Bristol, 
Tenn, 

Hamm, Hans W. (J’42) (BHNS), Design Engr., 
S. Morgan Smith Co. ; for mail, 515 Linden Ave., 
York, Pa. 

Hamm, James Robert (J’43) (BAFKSH), Design 
Engr., Aviation Gas Turbine Div., Westinghouse 
Elec. Corp., Lester; for mail, 23 Princeton Ave., 
Swarthmore, Pa. 

Hammarlund, Arthur Ervin (J’43) (ABS), En- 


sign, U.S.N.R., U.S.S. Gillis, AVD-12, F.P.O., 
San Francisco, Calif. 
Hammarstrom, Erik (719) (SKLWHD), Pur. 


Engr., W. Va. Pulp & Paper Co., 230 Park Ave., 
New York 17, N.Y. 

Hammell, Reeve Howard (’24;’31; 735) (EK 
NF), Mech. Engr., Socony-Vacuum Oil Co., Inc., 


Paulsboro; for mail, 198 Richey Ave., West 
Collingswood, N.J. 
Hammer, Alexander (744) (BKS), Research 


Engr., De Laval Steam Turbine Co., Nottingham 
Way, Trenton 2; for mail, 42 Maple Ave., Tren- 
ton 8, N.J. 

Hammer, Edwin Wesley (’13) (ABLNRS), Cons. 
Engr., 80 John St., New York 7, N.Y. 

Hammer, James E, (J’40) (CS), 1st Lt, 250th 
Field Arty. Bn., Camp Maxey, Tex. 

Hammers, William Scott, Jr. (J’37) (MCDLR), 
715 Webster St., N.W., Washington 11, D.C. 

Hammershaimb, George T. (’40) (ERAFSB), 
Devel. Engr., Eddystone Plant, Baldwin Loco. 
Works, Philadelphia 42; for mail, 44 Green 
Valley Rd., Wallingford, Pa. 

Hammerstein, Harold K. (’29;’35) (JBM), 
Mech. Engr., Broderick & Bascom Rope Co., 4203 
N. Union Blvd., St. Louis 15, Mo. 

Hammerstone, James E, (J’40), 257 Kleinhans 
Ave., Easton, Pa. 

Hammett, George Robert (’20; ’29; ’35) (CHS), 
Mer., A. M. Lockett & Co., Ltd., 308 Whitney 
Bldg., New Orleans 7, La. 

Hammett, Philip Melancthon (’10) (RSH), Re- 
tired; P.O. Box, Mandarin, Fla. 

Hammett, Urquhart Archer (’37) (SLECYZ), 
Dist. Sales Mgr., Permutit Co., 330 W. 42nd St., 
New York 18, N.Y.; for mail, 2605 Lorain Rd., 
San Marino 9, Calif. 

Hammond, Caleb Dean, Jr. (J’38) (GC), Lt. 
(j.g.), U.S.C.G., U.S.S. Hunter Liggett, ¥.P.O., 
San Francisco, Calif. 

Hammond, Edward K. (719) (CDHJMN), West. 
Per Indus. Press, 228 N. La Salle St., Chicago 
ae & 

Hammond, Harold Marcus (’19;’23;’85) (FSZ 
LCR), Gen. Sales Mgr., Bailey Meter Co., 1050 
Ivanhoe Rd., Cleveland 10; for mail, 15706 Hazel 
Rd., East Cleveland 12, Ohio. 

Hammond, Harry Parker (’87) (HBM), Dean, 
pen. of Engrg., Pa. State College, State College, 

cy 


Hammond, James David (J’45), Ensign, U.S.N.R., 
Naval Supply Operational Trng. Center, Naval 
Supply Depot, Bayonne Annex, N.Y. Naval Ship- 
yard, Bayonne, N.J.; for mail, 542 Lafayette 
Ave., Palmerton, Pa. 

Hammond, John R., Jr. (J’40) (HNSCEY), Mech. 
Designer, Office Engrg. Div., Dept. of Opera. & 
Maint., The Panama Canal, Balboa Heights; for 
mail, Box 431, Diablo Heights, C.Z. 

Hammond, Nelson Browne (J’44) (ESKNFH), 
Student Award, ’44; Jr. Engr., Philco Corp., 
C & Allegheny, Philadelphia; for mail, 4951 
Walnut St., Philadelphia 39, Pa. 

Hammond, §, Irving (’38) (FKL), Mech. Engr., 
N.J. Zine Co.; for mail, 542 Lafayette Ave., 
Palmerton, Pa. 

Hampton, Flournoy W. (J’35) (NBDCM), Pres., 
Hampton Enterprises, 5135 University Ave., Chi- 
eago 15, Ill. 

Hampton, Leon N. (’23;’35), Engrg. Supvr., 
Bell Tel. Labs., Inc., 463 West St., New York 
beg for mail, 1895 Grand Concourse, New York, 


Hanauer, Elbert A. (J’32), 92-16—195th Pl., 
Hollis 7, L.I.,. N.Y. 

Hanauer, Sylvan Leonard (’25;’34;’35) (OYS 
KLC), V.P., Gen. Realty & Utilities Corp., 285 
Madison Ave., New York; for mail, 315 E. 68th 
St., New York 21, N.Y. 

Hancock, Clifford Harold (’42) (HBZANG), 
Supvr., Hyd. Lab., Newport News Shipbldg. & 
Dry Dock Co., Newport News, Va. ‘ 

Hancock, James Edwin (’39) (COYG), Mgr., 
Maint. & Constr., Shawmut Realty Trust, 15 
Norway St., Boston, Mass. 

Handa, Chuni Lal (’45) (BDH), Rai Bahadur, 
1.S.E.M.LE., c/o The Registrar, Punjab Irrigation 
Secretariat, Lahore, Punjab, India. 


Handel, Richard Robert (J’43), Power Tube 
Standardizing Engr., RCA Victor Div., Radio 
Corp. of Am.; for mail, 415 S. Queen St., Lan- 
caster, Pa. 

Handlos, Alphonse A. (J’41) (MO), Prod. Engr., 
Vilter Mfg. Co., 2217 S. Ist St., Milwaukee ihe 
for mail, 1133 N. 24 Pl., Milwaukee 3, Wis. 

Handman, Seymour (J’45) (BOS), 1710—86th 
St., Brooklyn 14, N.Y. 

Handman, Stanley Edward (J’44), 1372 Bristow 
St., Bronx 59, N.Y. 

Hands, Ronald Clive (’37) (CAM), Lt. Col., Ord. 
Dept., U.S.A., Mercantile Bldg., Rochester 4; 
for mail, 270 Fair Oaks Ave., Brighton 4, N.Y. 

Haney, Glenn Earl (’35;’35) (SFEK), Supt., 
Power Plant, Ohio State Univ., N. High St., 
Columbus 10; for mail, 2005 Berkshire Rd., 
Columbus 8, Ohio. 

Haney, Harold B. (J’40) (BCJLNY), Dist. Sales 
Ingr., Haveg Corp., 550 Leader Bldg., Cleveland 
14, Ohio. 

Haney, Jiles William (’14;’21; F386) (SEBA 
FK), Manager, ’34-37; Ool., Hdg., 64th QM. 
Base Depot, A.P.O. 350, c/o Postmaster, New 
York, N.Y.; for mail, 2521 Capitol Ave., 
Cheyenne, Wyo. 

Hangarter, Andrew Joseph (J’37) (CML), Exec. 
Asst., Andrew ©. Roesch, Inc., 179-81 Powers St., 
Brooklyn; for mail, 47-06 Fresh Meadow Lane, 
Flushing, N.Y. 

Hanger, Samuel Ryland (’30;’85) (SEFJZH), 
Jr. Engr., Asst. Supvr., Philadelphia Elec. Co., 
2301 Market St., Philadelphia 3, Pa. 

Hanger, Wallace Sherwood (J’39) (CJ), 2nd 
Lt., Field Arty. Reserve, U.S.A.; for mail, 1102 
Pontiac St., Denver 7, Colo. 

Hangey, Theodore Gross (J’45) (FJMKBD), Ch. 
Draftsman, Charge of Design, Roberts & Mander 
Stove Co., Jacksonville Rd., Hatboro; for mail, 
6603 N. Opal St., Philadelphia 38, Pa. 

Hango, John (J’40) (FKS), Serv. Dept., Foster 
Wheeler Corp., 165 Broadway, New York; for 
mail, 8918—133rd St., Richmond Hill, L.I., N.Y. 

Hanhart, Ernest Henry (733; 743) (OLMD), 
Cons. Engr., 1311 Ramblewood Rd., Baltimore 


12, Md. 

Hanke, Harold (J’39) (CFK), 225 N. Cuyler Ave., 
Oak Park, Ill. 

Hanken, George Henry (J’45) (BJY), 593 Lex- 
ington Ave., Rochester, N.Y. 

Hankes, Elmer Joseph (’41; 745) (ONMOCSZ) 
Owner, Engrs. Northwest, 2620 Portland Ave. S., 
Minneapolis 7, Minn. 

Hankins, Cyrus (’40) (RJB), V.P., Unitcast 
Corp., 2237 Waterworks Dr., Toledo 9, Ohio; for 
mail, 832 Munsey Bldg., Washington 4, D.C. 

Hankison, Lewis E. (’16;’26) (SFBKZ), Supt., 
Effic. Dept., West Penn Power Co., 14 Wood St., 
Pittsburgh; for mail, 1301 Biltmore Ave., Pitts- 
burgh 16, Pa. 

Hanks, George Jason, Jr. (J’42) (EKYZJH), 
Tech, Asst., Carbide & Carbon Chemicals Corp., 
McCorkle Ave., South Charleston; for mail, 1595 
Quarrier St., Charleston 1, W.Va. 

Hanks, George Raymond (’24) (CJLRZB), Pres., 
Taylor-Wharton Iron & Steel Co., High Bridge, 
N 


oJ 

Hanley, Edward (J’42) (BCH), Draftsman, Good- 
man Mfg. Co., 4834 S. Halsted St.; for mail, 
6653 S. Claremont Ave., Chicago, Ill. 

Hanley, William A. (’13;’20; 36) (CLS), 
Manager, ’27-'30, Vice-President, ’30-’32, Presi- 
dent, 41; V.P., Eli Lilly & Co., Indianapolis 6, 
Ind. 

Hanna, John Holger (J’39) (ABH), Bechtel 
Bros. & McCone, 220 Bush St., San Francisco ; 
for mail, 15 Arguello Blvd., San Francisco 18, 
Calif. 

Hanna, John Hunter, Jr., (J’39) (SFCKJ), Plant 
Engr., Potomac Elec. Power Co., 10th & E Sts., 
N.W., Washington 4; for mail, 3009 Q St., N.W., 
Washington 7, D.C. 

Hannah, Robert Bruce (745) (AJN), Protection 
Engr., Mountain States Tel. & Tel, Co., 931— 
14th St., Denver 2; for mail, 687 S. Vine St., 
Denver 9, Colo. 

Hannan, Raphael Q. (’22; ’24; ’35), Inspr., Iron 
& Steel, Richmond County, City of INEYas) for 
mail, 360 Drumgoole Blvd., Staten Island 9, N.Y. 

Hanneman, Frank (J’39) (JMR), Engr., Paasche 
Airbrush Co., 1909 Diversey Pkwy.; for mail, 
1421 Sherwin Ave., Chicago, Ill. 

Hanneman, Richard Louis (J’42) (A), Asst. 
Mfg. Engr., Hawthorne Works, West. Elec. Co., 
Inc., 23rd Pl. & Cicero Ave., Chicago; for mail, 
3849 N. Pittsburgh, Chicago 34, Ill. 

Hannewald, Burton August (J’26) (GJMC), 
Supt., Mch. Shop, Bemis Bros. Bag Co., 1940 
Barth Ave., Indianapolis 7; for mail, 821 N. 
Audubon Rd., Indianapolis 1, Ind. 

Hannold, John Robert (J’44) (CYMLN), Asst. 
to Pres., Welding Engrs., Inc., Box 391, Norris- 
town, Pa. 

Hannon, William W. (J’40) (GWTMC), Prod. 
Engr., West. Automatic Mch. Screw Co., Foster 
& Lake Aves.; for mail, 127 Harwood &t., Elyria, 


Ohio. 

Hannum, Charles M. (J’32) (ABM), Capt., Hda. 
Depot 0-642, A.P.O. 582, c/o Postmaster, New 
York, N.Y. 

Hannum, Joshua Eyre (’19;’35), (CMA), Dean 
of Engrg., Ala. Poly. Inst.; for mail, 425 KE. 
Magnolia Ave., Auburn, Ala. 

Hanny, Rupert M. (’36) (LSJB), Mgr., Sales & 
Engrg., Lenape Hyd. Pressing & Forging Co., 
Box 536, West Chester, Pa. 
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Hanrahan, Frank John (’42) (WBJADY), Deputy 
Dir. of Lumber Stands. Div., Natl. Lumber Mfrs. 
Assn., 1319—18th St., N.W., Washington 6, D.C, 

Hanscom, Geoffrey Leonard (’39) (HBC), Devel. 
Engr., Stand. Mchy. Co., 1475 Elmwood Ave., 
Providence 7, R.I.; for mail, 8 Glendale Rd., 
Sharon, Mass. 

Hanscom, William W, (’13) (BFL), Cons. Engr., 
848 Clayton St., San Francisco 17, Calif. 

Hansen, Alf (’28;’37) (SKFCO), Dist. Turbine 
Engr., Gen. Elec. Co., 235 Montgomery St., San 
Francisco 6, Calif. 

Hansen, Anton (’14;’35) (MBCJ), Mech. Engr., 
Wm. Bergfels Co., 10-14 Orchard St., Newark 2; 
for mail, 818 DeGraw Ave., Newark 4, N.J. 

Hansen, Edward H, (’86) (GCTMAY), Book Mfg. 
Dir., Crowell-Collier Publ. Co., 250 Park Ave., 
aw York 17; for mail, 1—4th Rd., Great Neck, 


Hansen, Ellis Peter (’44) (NBHERK), Design 
Engr., Steam Turbine Dept., Allis-Chalmers Mtg. 
Co., 1126 S. 70th St., Milwaukee 1; for mail, 
2929 N. 72nd St., Milwaukee 10, Wis. 

Hansen, George Albert (J’44) (FS), Steam Engr., 
Westinghouse Elec. OCorp., 806—4th Ave., Pitts- 
burgh, Pa. 

Hansen, Hans (J’41) (ACM), Project Engr., Am. 
Type Founders, Inc., 200 Elmora Ave., Bliza- 
beth; for mail, 184 E. 7th Ave., Roselle, N.J. 

Hansen, Hans I. (’380;’37) (CBMNOD), Engr., 
Deere & Co., Moline, Ill.; for mail, 114 W. Cen- 
tral Park Ave., Davenport, Iowa. 

Hansen, Herbert Nathon (J’42), 229 N. Grove 
Ave., Elgin, Ill. 

Hansen, Holger Hilmer (’26) (SRBAC), Ch. 
Engr., Gen. Supt., Antonio Roig Sucrs. ; for mail, 
Central E] Ejemplo, P.O. Box 205, Humacao, P.R. 

Hansen, Merlin (’30;’'39) (BEJGN), Asst, Ch. 
Engr., John Deere Tractor Co.; for mail, 1123 
Western Ave., Waterloo, Iowa. 

Hansen, Robert (J’41) (ABSKJ), Draftsman 
Engr., Otis Elev. Co., 260—11th Ave., New York; 
for mail, 280 Parkside Ave., Brooklyn, N.Y. 

Hansen, Sam §S. (’38;’41) (EF), Ch. Indus. 
Engr., Gen. Petroleum Corp., 108 W. 2nd St., 
Los Angeles 12; for mail, 4551 Round Top Dr., 
Los Angeles 41, Calif. 

Hansen, Viggo (’41) (SHBJ), Sr. Engr., Phila- 
delphia Elec. Co., 17th Floor, 900 Sansom St., 
Philadelphia 5, Pa. 

Hansen, Walter Roland (745), Mech. Supt., U.S. 
Smelting, Refining & Mining Co., 1120 Newhouse 
Bldg.; for mail, 839 East South Temple, Salt 
Lake City, Utah. 

Hansen, William Oliver (J’38) (BGHKNS), Mech. 
Engr., Creole Petroleum Corp., Apartado Postal 
172, Maracaibo, Venezuela, S.A. 

Hanson, Clifford George (J’42) (BAKCH), Prod. 
Engrg. Liaison, Gen. Elec. Co., 920 Western Ave., 
Lynn; for mail, 17 Munroe St., Lynnfield, Mass. 

Hanson, Frederick Herman, Jr. (J’44) (AFCS 
YB), Mech. Engr., Ames Aero. Lab., Natl, Advis. 
Com. for Aero., Moffett Field; for mail, 2449 
Russell St., Berkeley 5, Calif. 

Hanson, Harold Franklin (’28;’41) (BCNMJL), 
Mech. Engr., Metals Protection Co. of Pa., 7424 
Tioga St., Pittsburgh; for mail, 623 Whitney 
Ave., Wilkinsburg 21, Pa. 

Hanson, Hubert Chester (J’35) (SFZ), Capt., 
Dans, Corps, U.S.A., Ft. McDowell, Angel Island, 

alif. 

Hanson, Karl P. (’34;’39) (EFKS), Prof. Mech. 
Engrg., Univ. of Conn., Storrs, Conn. 

Hanson, L. C. (’81; 85; ’35) (BJL), Mech. Engr., 
Solvay Process Co.; for mail, 410 Prince George 
Ave., Hopewell, Va. 

Hanson, Lennart Lars (J’42) (SZNCLO), Engr., 
Design, E. I. du Pont de Nemours & Co.; for 
mail, 5381—25th St., Niagara Falls, N.Y. 

Hanson, Milton Emmons ('19;’27) (GJKNR), 
Mech. Engr., B. F. Sturtevant Co., Div. of 
Westinghouse Elec. Corp., Cresmont & Hadden 
Ave., Camden; for mail, 120 Gill Rd., Haddon- 
field, N.J. 

Hanson, Ralph A. (J’40) (AGM), Engrg. Drafts- 
man, Boeing Aircraft Co., Georgetown Sta., 
Seattle; for mail, 11508—5th Ave., N.E., Seat- 
tle 55, Wash. 

Hanson, Raymond F, (’25; ’32;’35) (FCZKSO), 
Power Engr., Gen. Motors Corp., Gen. Motors 
Bldg., Detroit 2; for mail, 14253 Freeland Ave., 
Detroit 27, Mich. 

Hanssen, Albert Jacob (J’39) (ZNMLCE), Asst. 
Ch. Engr., McAlear Mfg. Co., Automatic Control 
Div. of Climax Industries, 15 N. Cincinnati, 
ae 1; for mail, 3803 E. 22nd St., Tulsa 4, 

Be 

Hansson, Axel Sigfrid (’32) (BCNRSY), ASEA 
(Allmanna Svenska Elektriska Aktiebolaget), 
Vasteras, Sweden. 

Hanzlik, Henry John (’03;’10) (OSNKBJ), 
Cons. Engr., 315 Cornell Ave., Swarthmore, Pa, 

Happel, Albert W. (’28) (BJM), Design Engr., 
Lynch Corp., Anderson, Ind. 

Happel, Hermann E. (J’37) (BCJLMA), War- 
rant Officer (j.g.), 219th Ord. Heavy Maint. Co. 
(Tank), Camp Bowie, Tex. 

Hara, Edward E, (J’41), 330 Riverview Ave., 
Drexel Hill, Pa. 

Harakawa, Harvey H. (J’44) (AEF), 169 Pa- 
oakalani St., Honolulu 30, T.H. , 

Harazim, Stanley J. (J’27) (BOCMNZ), Mem. 
Tech. Staff, Bell Tel. Labs., Inc., 463 West St., 
New York 14, N.Y. 

Harbeson, James Page, Jr,! (’18;’35) (JENR 
SF), Ch. Engr., Camden Forge Co., Camden, N.J. 


HARBIN 


Harbin, Charles Ben (’42) (BJMNY), Pres., Acme 
Mch. & Welding Co., 327-29 Edgewood Ave., At- 
ee 8; for mail, 852 Piedmont Ave., Atlanta, 


Haxbke, Harland Charles (J’43) (BJZS), Prod. 
Engr., Haggart Mfg. Co., Box 52, Route 2, 
Oregon City; for mail, 8602 S.E. Taylor St., 
Portland 16, Ore. 

Harclerode, John Robert (J’45) (MONJO), Ch. 
Draftsman, Black, Sivalls & Bryson, Inc., 7500 
E. 12th St., Kansas ay 8; for mail, 2331 
Oakley, Kansas City 1, 

Hardaway, Henry Z, rae 46), Bell Tel. Labs., 
Whippany, N.J. 

Hardaway, Warren Dunham (’29) (CHS), Supt., 
Hydroelec. Prod. & Transmission, Pub, Serv. Co. 
of Colo., 900—15th St., Denver 1, Colo. 

Hardgrave, John Coyne (30; 85) (M), Assoc. 
Prof. Mech. Engrg., Tex. Tech. College; for mail, 
2418—20th St., Lubbock, Tex. 

Hardgrave, Robert Li 37), So. Aircraft Corp., 


Garland; for mail, 6226 Revere Pl., Dallas 14, 
Tex. 
Hardgrove, George A., Jr. (J’42), Lt. (j.g.), 


10200 Unity Ave., Oleveland 11, Ohio. 

Hardgrove, Ralph M, (’19; 25) (FSRK), Re- 
search Devel. Consultant, Babcock & Wilcox Co., 
85 Liberty St., New York, N.Y. 

Hardie, Philip Henry (723 ; 729; 35) (SFKBE), 
Mech. Engr., Sanderson & Porter, 52 William S8t., 
New York 5, N.Y 

Hardin, Frank Hammond (’21) Coa Pres., 
Association of Manufacturers of Chilled Car 


Wheels, Rm. 1556, 230 Park Ave., New York 
LINENS 
Hardin, James C., Jr. (J’42) (MCJW), Pres., 


ee Hill Body Co., W. Main St., Rock Hill, 


S.C. 
warding: Adalbert (J’98), R.F.D. 2, Morristown, 
N.J 


Harding, Howard (’14; ’35), Tech. Engr., Roches- 
ter Gas & Elec. Corp., 89 Bast Ave. ; for mail, 29 
Kingston St., Rochester, N.Y. 

Harding, Louis Allen (13; F’48) (BSKHE), 85 
Cleveland Ave., Buffalo 9, N.Y. 

Harding, Randolph Adolphis, Jr. (J’44) (ARS), 
3508 Roland Ave., Baltimore 11, 

Harding, Robert Floyd (J’42) (YS), Jr. Devel. 
Engr., Gates Rubber Co., 999 S. Broadway, Den- 
ver 17; for mail, 3rd & Leon Sts., Delta, Colo. 

Harding, Walter L. (J’40) (KSEFBL), Mar, 
Dept., Combustion Engrg Co., Inc., 200 Madison 
Ave.; for mail, 120 E. 81st St., New York 16, 
N.Y 


Harding, Warren Gamaliel (J’43) (MO), Lt., 
U.S.N.R.; for mail, 10 Montague St., Worcester 
3, Mass. 


Hardway, Jon Porter, Jr. (J’43), Lt., U.S.N.R., 
1850 Montecito Way, San Diego 3, Calif. 

Hardwick, James Berry (J’41) (ZST), Instru- 
ment Supvr., Joseph E. Seagram & Sons, Inc. ; 
for mail, 31 E. Tate St., Lawrenceburg, Ind. 

Hardy, Albert L. (J’ 40), Bldg. 41, Gen. Elec. 
Co.; for mail, 1274 Garner Ave., "Schenectady, 
INGNS 


Hardy, Carroll Foster (M’48) (EFORS), Ch. 
Engr., Appalachian Coals, Inc.; for mail, 307 E. 
4th St., Cincinnati 1, Ohio. 

Hardy, George F. (’95) (HLS), Owner, Firm of 
George F. Hardy, Cons. Engr., 441 Lexington 
Ave., New York 17, N.Y. 

Hardy, John Alexander (28; ’83) (OLWHS), 
Asst. Engr., George F. Hardy, Cons. Engr., 441 
Lexington Ave., New York 17, N.Y 

Hardy, Norman Gladding (’13; 14; : 919) (SFEK 
BC), Supt. of Power, Tex. Power & Light Co., 
Box 6831, Dallas 2, Tex. 

Hardy, Rufe J. (J 43) (MC), Owner, South Branch 
Mch. Shop, Bartley ; for mail, Long Valley, N.J. 

Hardy, William A. (’35), Comar., U.S.N., Re- 
tired; 12 Pryer Lane, Larchmont, N.Y, 

Hardy, William Marion (J’46), 908 N. Man- 
gum St., Durham, N.C. 
Hare, Edward Taylor, Jr. (J’48) (SEMFKA), 
Indus. Serv. Rep., Standard Oil Co., 1300 Harmon 
Pl., Minneapolis 8; for mail, Box 282, Route 1, 

Mound, Minn. 

Hare, Wilbur Emory (J’39) (RFDS), West. Sales 
Mer., Allen, Sherman, Hoff Co., 225 S. 15th St., 
Philadelphia 2; for mail, Greene Manor Apts. 138, 
Greene & Johnson Sts., Philadelphia 44, Pa. 

Hargest, William James (’42) (MRJ), Assoc. 
Editor, American Machinist, McGraw-Hill Publ. 
Co., 3830 W. 42nd St., New York 18, N.Y. 

Hargis, James R. (’40) (CDEKLO), Asst. Ch. 
Engr., Pure Carbonic, Inc., 8rd & Virginia Sts., 
Berkeley 2, Calif. 

Hargrave, Russell William (’99;'’14) (COY 
EA), Cons. Engr., 27 Manchester Rd., Pough- 
keepsie, N.Y. 

Hargreaves, George (J’38) (SBH), Indus. Power 


Rep., B. ©. Elec. Ry. Co., 600 Granville St., 
Vancouver; for mail, 1011 Hamilton St., New 
Westminster, B.C., Can. 


Harkenrider, Robert Joseph (J’46) (ALR), Re- 
search Engr., Miller Waste Mills, Inc., 515 W. 
8rd St.; for mail, Suite 8, 116 E. Broadway, 
Winona, Minn. 

Harker, John Shields (J’41) (BHN), Mer. Mch. 
Design, Kimble Glass Co., Division Ave.; for 
mail, Maple & Mayfair Ave., Vineland, N.J. 

Harkins, H. Drake (’33) (SCLF), Dir. of Con- 
sultants, E. I. du Pont de Nemours & Oo., Wilm- 
ington 98, Del. 

Harlan, J. Allen (’42) (CM), Textile-Finishing 
Mch. Co., Box 1716, Providence 1, R.I. 


Harlan, John Harold (J’41), Box 772, Morgan 
City, La. 

Harley, James Archibald (J’43) (CLNY), Asst. 
Works Mgr., Baker Perkins, Inc., Saginaw, Mich. 

Harlow, James Hy (C2585) ‘(OFHSZ), Asst. 
Mech. Engr., Philadelphia Elec. Co., 900 Sansom 
St., Philadelphia 5, Pa. 

Harlow, Justin Edwards (787) IE), Sale: Rep., 
Stearns Magnetic Mfg. Co., 635 S. 28th St., 
Milwaukee 4, Wis. ; for mail, 3519 Beudinet Ave., 
Cincinnati 11, Ohio. 

Harlow, Loraine Charles (J’44), (JKM), Table 
Rock, Neb. 

Harman, George A. (’80;’39) (HMS), Mech. 
Engr., Warworth Engrg., South Orange; for mail, 
226 S, llth St., Newark 7, N.J. 

Harman, George Lloyd, Jr. (J’87) (SZEH), Mech. 
Engr., Bailey Meter Co., Rm. 1009, 1709 W. 8th 
St., Los Angeles 14, Calif. 

Harman, John J. (’06;’09;’12) (JSR), 552 
Twin, Palms Dr., San Gabriel, Calif. 

Harman, William Henry, Sr. (A’06) (HJOZC), 
Pres., William Sellers & Co., Inc., 1600 Hamil- 
ton St., Philadelphia 30, Pa. 

Harmer, Robert Lewis (’38) (CLS), 8547 Dante 
Ave., Chicago, Il. 

Harmon, Robert Childs (J’44) (JGNOBC), Engr., 
Tractor Div., Catalog Dept., Isaacson Iron Works, 
8917 E. Marginal “Way, Seattle 4; for mail, 
4311—12th, N.E., Seattle 5, Wash, 

Harmon, Robert Harrison (J’42) (AH), Lt., 
Flight Engr., Army Air Forces, Officers’ Mail 
See., Lowry Field, Denver, Colo.; for mail, 809 
Talma St., Aurora, Ill. 

Harmon, Wayne A. §S. (’87) (LKSHBE), Box 
927, Los Angeles 15, Calif. 

Harmon, William Thomas (J’37) (KAM), Field 
Engr., Gen. Elec. Co., 222 N, Bank Dr., Chi- 
cago; for mail, 3 E. Oak Ave., La Grange, Ill. 

Harms, Carl Frederick (’45) (AEFJRS), Mgr. 
Supercharger Dept., Elliott Co., Jeannette; for 
mail, 565 Shuey Ave., Greensburg, Pa. 

Harmstad, J, Edwin (J’39) (SLKECW), Power 
Supvr., Chambers Works, E. I. du Pont de 
Nemours & Co., Deepwater; for mail, 1 Marlton 
St., Woodstown, N.J. 

Harmuth, Joseph Thomas (’44) (CKS), Plant 
Engr., Am. Cyanamid & Chem. Corp.; for mail, 
611 Winfield Dr., Bridgeville, Pa. 

Harney, Doran Brice (J’40) (EHL), Ch. Tech. 
Sales Engr., Pacific Pumps, Inc., 5715 Bickett 
Pr dis mail, 6215 Arbutus St., Huntington Park, 

alif. 

Harnsberger, Audley E. (’22; ’28; 785) (LAEK 
SF), Chmn., Refinery Control Bd., Pure Oil 
Co., 85 E. Wacker Dr., Chicago 1, Il. 

Harold, Paul John (J’40) (SNLC), Mech. Power 
Design Engr., Electrochemical Dept., E. I. du 
Pont de Nemours & Co., Buffalo Ave. & Chemical 
on for mail, 2467 Willow Ave., Niagara Falls, 


Haroldson, Hugh W. (J’39) (ABRWSY), Assoc. 
Mar. Engr., U.S. Maritime Comm., Washington, 
D.C. ; for mail, 1537 Key Blvd., Arlington, Va. 

Harp, Terance Reginald (’44) (ABEKLZ), a 
Engr., Engrg. Dept., Air Reduction Co., 60 
42nd St., New York 17; for mail, “Abthwood? % 
507 Wall St., Huntington, L.I., N. 

Harper, Arthur C. (’20) (CNMGB), ” Pres., Wy- 
omissing Poly. Inst.; for mail, 1124 Reading 
Blvd., Wyomissing, Pa. 

Harper, Donald Raymond (J’42) (KEFLON), 
Propr., D. R. Harper Co., 1487 Schofield Bldg., 
Cleveland 15; for mail, 1469 E. 252nd St., Eu- 
elid 17, Ohio. 

Harper, Edward Alvin (’34; 
Engr., Lykes Bros. S.S. Co., 
Bldg., Galveston, Tex. 

Harper, Ernest C. (J’29) (ELYH), Serv. Engr., 
Ingersoll-Rand Co., 11 Broadway, New York, 
N.Y.; for mail, 199 S. Main St., West Hartford 7, 


Conn. 

Harper, George Brewster (J’41) (AOC), 

261, Harper Terminal, Inc., Branchville, N.J. 

Harper, James Calvin (J’43) (CDJMB), Effic. 
Engr., Carborumdum Co., Buffalo Ave. ; for mail, 
352 Buffalo Ave., Niagara Falls, N.Y. 

Harper, John Harlan (’25;’87) (LKJMC), Ch, 
Engr., Fansteel Metal. Corp., North Chicago, Ill. 

Harper, Joseph J. (’45) (SCFJKD), Asst. Boiler 
Engr., Philadelphia Elec. Co., Front & Ward Sts., 
Chester j for mail, 142 Glentay Rd., Lansdowne, 


Hicver, Kennard W. (J’31) (BJM), Devel. Engr., 
Spencer Lens Co., 19 Doat St., Buffalo; for mail, 
416 Oakwood Ave., East Aurora, NAYS 

Harper, Philip Strickland (’17;’45) (CMN), 
Pres., Harper-Wyman Co., 8562 Vincennes Ave., 
Chicago 20, Ill. 

Harper, Robert S. (J’40) (CMJBDN), Geometric 
Tool Co., Blake & Valley Sts., New Haven; for 
mail, 146 Armory St., Hamden, Conn. 

Harper, William Carrell, Jr. (J’45), Sales Engr., 
Stand. Pressed Steel Co., Jenkintown, Pa.; for 
mail, 147 Stonecrest Dr., Forestville, Conn. 

Harrer, Theodore Michol (J’41) (ADM), Atlas 
Engrg. Co., 8421 Hollis St., Oakland 8, Calif. 

Harrigan, Howard Hancock (’48) (SKFC), Plant 
Engr., Potomac Elec. Power Co., Ist & V Sts., 
S.W., Washington 4, D.C.; for mail, 843 Bal- 
timore Ave., Takoma Park 12, Md. 

Harrigan, William (’29) (FEAMOR), Cons. 
Technologist, Tex. Co., 1385 E, 42nd St., New 
York 17, N.Y.; for mail, 81. E. Newell Ave., 
Rutherford, N.J. 


°85) (ESP), Port 
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Harriman, N. F. (’04), Retired; c/o A. H. Fet- 
ters, 4435 Conde Place, San Diego, Calif, 

Harrington, Archie E, (’81;’85) (EFS), Oh. 
Engr., Charge Light, Heat & Power, E. I. du 
Pont de Nemours & Co., Lancaster St.; for mail, 
11 Grove Terrace, Leominster, Mass. 

Harrington, Carl C. (’48) (MCSD), Editor, Con- 
Ch. -Mast Corp., 205 E. 42nd St., New York 17, 


Harrington, Carlos Elmer (’26) (BLOAJD), 
Winfield H. Smith, Inc., 19 Elton St., Spring- 
ville, Erie Co., N.Y. 

Harrington, Cornelius John, Jr, (J’45) (KJEF 
HM), Ensign, U.S.N., U.S.S. Carteret, APA-70, 
F.P.0., San Francisco, Calif.; for mail, 55 
Franklin St., Brookline 46, Mass. 

Harrington, Earl Whittemore CLO) i Vaes 
Engr., Mfrs. Mutual Fire Ins. Co., 10 Weybosset 
St., Providence 1; for mail, 55 Columbia Ave., 
Oranston 5, R.I. 

Harrington, Ferris T, (’380;’35).(HNAYDT), 
V.P., Sales, Vickers, Inc., 1400 Oakman Blvd., 


Detroit 26; for mail, 16800 Parkside St., De- 
troit 21 Mich, 
Harrington, James V. (J’44), 28 Rogers St., 


New London, Conn. 
Harrington, Robert Lee (J’42) (MOJ), Ensign, 
ee pip tad 24 Woodlawn Rd., West Medford 55, 


Heres, A, Emerson (’42) (BRK), Engr., Sim- 
onds Saw & Steel Co., Intervale Rd., Fitchburg; 
for mail, 1232 Main St., Leominster, Mass. 

Harris, Anderson Winfield (Als 728) (FKLS), 
Dept. Mgr., Combustion Engrg, Co., Inc., 1032 
W. Main St., Chattanooga 2; for mail, 1204 
Hanover St., Chattanooga 5, Tenn, 

Harris, Carl "Chester (’14) (CH), Pres., Rodney 
Hunt Mch, Oo., Mill St.; for mail, Warwick Rd. 
Orange, Mass. 

Harris, Charles 0. (’43;’45) (BNY), Prof. of 
Mechanics, Ill. Inst. of Tech., 3300 Federal St., 
ait 16; for mail, 8540 Euclid Ave., Chicago 

Harris, Edgar Glenn (J’42), Ensign, U.S.N.R.; 
2950—55th Ave., Oakland, Calif. 

Harris, Ernest N. (’21; *35) (SKDHF), Cons, 
Engr., H. W. Beecher, Seattle 1; for mail, 
2434—36th Ave. W., Seattle 99, Wash, 

Harris, Ford Whitman (13) (AB), Sr. Partner, 
Harris, Kiech, Foster & Harris, 1151 S. Broad- 
way, Los Angeles, Calif. 

Harris, George Newberg (J’43) (YCAWO), 333 
Louisiana, Oak Ridge, Tenn. 

Harris, George Sylvester (’39) (FKS), Asst. 
Elec. Engr., Consltd. Gas, Elec, Light & Power 
Co. of Baltimore, Lexington Bldg., Baltimore 3; 
oe mail, 3315 Winterbourne Rd., Baltimore 16, 


Harris, H. Patterson (A’18) (CBAEMR), Asst, 
to Sales Mgr., Bryant Elec. Co., 1421 State St., 
Bridgeport 2; for mail, “Ivy Hill,” Southport, 


Conn. 

aaa? Harold C. (J’46), Worminster Rd., Hat- 

oro, Pa. 

Harris, Harry Ezekiel (’11; F’40) (OCMLND), 
Cons. Engr., 229 Thorme St., Bridgeport 6, Conn. 

Harris, Henry s. (18) (BFH), Secy., The En- 
gineers’ Club of Philadelphia, 1317 Spruce St., 
Philadelphia 7; for mail, 4 Greenwood Pl., Wyn- 
cote, Pa. 

Harris, Herbert I, (’45) (BEP), V.P., Penfield 
‘Petroleum Products, Inc., 136-30—88th Ave. ; 
for mail, 67-04—184th St., Flushing, N.Y. 

Harris, J. Earl, Jr. (J’41) (ABF), 1628 Howarth 
St., Philadelphia, Pa. 

Harris, James T, (J’43), Box 948, Avondale, Ariz. 

Harris, LeRoy Stanford (J’46), 205 Le Carra Dr., 
Lansdowne, Pa. 

Harris, Morton Foster (J’40) (AMOCN), Asst. 
Project Engr., Wright Aero. Corp., 132 Beck- 
with Ave., Paterson 3; Rt mail, 106 Ayers 
Court, West Englewood 

Harris, Phil B. (31) ton,” 538 S. Flower St., 
Los Angeles 13, Calif. 

Harris, Robert Leighton (J’44) (BJMNCH), En- 
sign, (E)L, U.S.N.R., Box 1663, Santa Fe, New 


ex. 

Harris, Ruben Jay (J’45) (MSOJLD), Test Engr., 
Gen. Elec. Co., Philadelphia, Pa.; for mail, 532 
Bradford St., Brooklyn 7, N.Y. 

Harris, Sydney Preston (J’37) (JMZ), Mech. 
Engr., Schick Inc., 45 Garden St., Stamford; for 
na 7 Phillips Lane, Darien, Noroton Heights, 

ionn. 

Harris, W. Eugene (J’33) (OSCL), Mech. Engr., 
DeLeuw, Cather & Co., 20 N. Wacker Dr., Chi- 
eae. 8 for mail, 1305 N. Monitor Ave., Chicago 


61, 3 
Harris, William B, D., Jr. (J’43) (ZMG), R. D. 
2, Doylestown, Pa. 
Harris, William John, Jr. (’18) (FJ), Indus. 


Fuel Engr., Laclede Gas Light Co., 1017 Olive 
chs St. Louis 1; for mail, Route 2, Valley Park, 


Hete Zachary Nick (J’43) (CMNAKJ), Jr. 
Mech. Engr., Goodyear Aircraft Oorp., Akron; 
for mail, 924 N. Howard St., Akron 10, Ohio. 

Harrison, Chas, Geo. (’24) (SF), Owner, Chas. 
G. Harrison Co., 12075 Greenfield St., Detroit 
27, Mich, 

Harrison, Ernest Burton (’45) (SFEKZO), Prod. 
Supt., St. Joseph Rise & Power Co., 112 S. 
2nd St., St. Joseph 5, 

Harrison, Frank Hugh Me44), Ch. Mech. Engr., 
South Australian Ry. Comm., Islington Ry. Work- 
shops, Lower North Rd., Islington ; for mail, 
“Urrbrae,’’ Esplanade, Tennyson, South Australia. 
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Harrison, Harry (713; 719) (CK), Mech. Engr., 
East. Cold Storage Insulation Co., 101 Park Ave., 
New York 17; for mail, 55 Winthrop Ave., 
Tuckahoe 7, N.Y. 

Harrison, J. Houston (’23), Mech. Engr., Valu- 
ation, So. Ry. System, Rm. 940, McPherson Sq., 
Washington, D.C. 

Harrison, John Large (J’33) (CFEBAM), Engrg. 
Asst., Harrisburg Gas Co., 14 S. Market Sq., 
Harrisburg, Pa. 

Harrison, Joseph Wiley (J’39) (CJKMYZ), Ch. 
Inspr., Norge Mch. Products Div., Borg-Warner 
Corp., 2969 Lake Shore Dr., Muskegon, Mich. 

!. ,Harrison, Leroy Wallace (’45) (DJLMNO), Sales 

Engr., Faitoute Iron & Steel Co., Inc., 182 

Frelinghuysen Ave., Newark 5; for mail, 216 
3 Fabyan Pl., Newark 8, N.J. 

Harrison, Maurice Robert (A’43) (CJMNLO), 
Secy., Treas., Dir., Behringer Metal Works, Inc., 
108-22 Jabez St., Newark 5, N.J. 

Harrison, Robert Edward William (’27) (JNMR 
HA), V.P., Chambersburg Engrg. Co., Derbyshire 
any Chambersburg ; for mail, Route 1, St. Thomas, 


a. 

Harrison, Thomas J. (J’38) (CJM), Indus. Engr., 
Republic Steel Corp., Alabama City; for mail, 
436—2nd St. E., Gadsden, Ala. 

Harrod, Charles Franklin (J’41) (MOZAB), Asst. 
Engr., Crescent Tool Co., 200 Harrison St.; for 
mail, 351 Foote Ave., Jamestown, N.Y. 

Harrod, Raymond Johnson (J’37) (RCS), Lt., 
U.S.N.R., Trans. Officer, Naval Mag., Bangor, 
Wash.; for mail, 2009 Ash St., Terre Haute, Ind. 

Harshman, Donald Guy (J’45) (EKSHWZ), 2811 
Ellis St., Bellingham, Wash. 

Harszy, Charles H. (J’37) (SZ), Sr. Asst. Engr., 
Cahokia Power Plant, Union Elec. Power Co., 
procant for mail, 21 N. 41st St., Belleville, 


Hart, David Anderson (J’43) (BKF), Design 
Engr., Westinghouse Elec. Corp., Lester; for 
mail, 913 Lincoln Ave., Prospect Park, Pa. 

Hart, David K. (J’41) (EFKA), Apt. 107, 2517 
Mozart Pl., N.W., Washington 9, D.C. 

Hart, Frank Joseph (J’42) (AYC), Pvt., Co. F, 
85th Mt. Inf., A.P.O. 345, c/o Postmaster, New 
York, N.Y. 

Hart, Fred W. (’19), Pres., Brookridge Farm, 
Inc., Littleton, Colo. 

Hart, Gordon Cole (J’43) (AMOSY), 40 Quincy 
St., Medford 55, Mass. 

Hart, Herman A. (J’46) (BJL), Design Engr., 
Wyatt Metal & Boiler Works, Dallas 1; for mail, 
2839 W. Clarendon, Dallas 11, Tex. 

Hart, Howard P. (715; 25), Asst. to Mgr., Platt 
Bros. & Co., Box 1030; for mail, 36 Buckingham 
St., Waterbury, Conn. 

Hart, James Max (J’42) (ABMNWZ), Asst. to 
Sec., Schwarz Paper Co., 1430 S. Canal St., 
Chicago; for mail, 215 Orchard Lane, Highland 
Park, Ill. 

Hart, John Seward (45) (OOZF), Chicago Dist. 

3 Mgr., Cent. Sta. Steam Co., 80 E. Jackson Blvd., 

i Chicago 4, Il. 

Hart, Lawrence Henry (’29;’85) (RBCDEM), 
Supvg. Engr., Tech. Trng., Dept. of Rys., 19 York 
St., Sydney, N.S.W., Australia. 

Hart, Simeon Thompson (’24) (CGLMN), Head, 
Admin, Engrg., Syracuse Univ.; for mail, 168 
Westminster Ave., Syracuse 10, N.Y. 

Hartburg, Herman Louis (’23; ’28) (CDKLOS), 
Dist. Supt., Great West. Sugar Co., Box 5308, 
Terminal Annex, Denver 17, Colo. 

Hartenberg, Richard S. (’28;’40) (ABNWRH), 
Asst. Prof. Mechanics, Tech. Inst., Northwestern 
Univ. ; for mail, 2448 Lincolnwood Dr., Evanston, 
Tl. 

Harter, Isaac (08; ’21) (FSCMJL), V.P., Bab- 
cock & Wilcox Co., Barberton, Ohio. 

Harter, Robert Jackson (J’42) (BANJ), Stress 

g Analyst, Kellett Aircraft Oorp., Baltimore Pike 

if & Chester Rd., Swarthmore, Pa. 

I Hartford, Ernest (A’18) (CLW), Executive Assis- 

| tant Secretary, A.S.M.E., 29 W. 39th St., New 

York 18, N.Y. 


i Harthorn, Paul Dudley (J’45) (LCFD), Graduate 

| Work, Rensselaer Poly. Inst., Troy, N.Y.; for 
mail, West Pembroke, Me. 

Hartin, Frank Robert (J’35) (SECBNJ), It., 
U.S.N., Naval Oper. Base, Guantanamo Bay, 
Cuba; for mail, 42 Jerome Ave., West Newton 
65, Mass. 

Hartley, Arthur Clifford (’45) (BPS), Ch. Tech. 
Dir., Petroleum Warfare Dept., Ministry of Fuel 
& Power; Ch. Engr., Anglo Iranian Oil Oo., Ltd. ; 
for mail, Britannic House, Finsbury Circus, Lon- 
don E.C. 2, England. 

a Hartley, Harry Dwight (’10;’21; 34) (CFK 
| SW), 4051 Washington Blvd., Indianapolis, Ind. 
Hartman, Elmer Charles (’34; 45) (ACEMNO), 

V.P., Engr., Technifinish Lab., Inc., 38 Scio St., 
Rochester 4, N.Y. 

Hartman, Elmer Edward (’39) (BFS), 825 E. 

| 21st, North Kansas City, Mo. 

\f Hartman, Frederich Vincent (’81) (DEJKN), 

if Mech. Engr., Tech. Div., Aluminum Ore Co., 

3300 Missouri Ave., East St. Louis, Ill. 
G Hartman, James Busse (’42) (BEHSJK), Dept. 
of Mech. Engrg., Lehigh Univ., Bethlehem, Pa. 
Hartman, John H. (J’37) (CRMAEY), 2336 Linn 
St., Williamsport 24, Pa. 

; Hartman, John M.. (’20;’30) (FKS), Engr., 
5 Charge of Research Lab., Kewanee Boiler Corp., 
Kewanee, Ill. 


Hartman, Joseph A. (J’40) (CMJ), 
U.S.N.R., 8502—48th Ave., Berwyn, Md. 

Hartman, Lawrence R. (J’36) (BKS), Consltd. 
Gas, Elec. Light & Power Co., Madison St. Bldg., 
Baltimore; for mail, 48 S. Dundalk Ave., Dun- 
dalk, Md. 

Hartman, Wilmer W,, Jr. (J’39) (OMCS), Staff 
Engr., Day & Zimmermann, Inc., Philadelphia, 
Pa.; for mail, 34 Overbrook Dr., Colwick, Mer- 
chantville, N.J. 

Hartmann, Carl (’21;’35) (BOMNRZ), Designer, 
8798 River Rd., Cincinnati 4, Ohio. 

Hartmann, Melvin J. (J’44) ABHKNM), Mech. 
Engr., Natl. Advis. Com. for <Aero., Cleveland 
Airport, Cleveland; for mail, 4562 W. 174th St., 
Cleveland 11, Ohio. 

Hartmann, Warren J. (J’42) (HAB), Ch. Engr., 
Natl. Metal Products Corp., 21 N. Loomis St., 
Cbieate 7; for mail, 8507 W. 26th St., Chicago 
23, Tl. 

Hartnell, George Freeman (J’39) (AZYMEB), 
2nd Lt., Project Engr., Armament Lab., Engrg. 
Div., Matériel Comd., Wright Field, Dayton, Ohio. 

Hartnett, Edward John (J’43) (MJB), Asst. 
Communications Officer, U.S.S. Kitkun Bay, OVE- 
71, Naval Sta., Tacoma 2, Wash.; for mail, 210 
Charles Ave., Staten Island 2, N.Y. 

Hartridge, Alfred Lamar (’41) (CO), Asst. Megr., 
Stone & Webster Engrg. Corp., 90 Broad St., New 
York 4, N.Y. 

Hartshorn, Derick Sibley (’40) (BCJM), Asst. 
Works Mgr., Cameron Mch. Oo., 61 Poplar St., 
Brooklyn ; for mail, 279 Washington Ave., Brook- 
Tyan (5) Nay. 

Hartsig, Albert L., Jr. (J’37) (CLS), Defender 
Diy., E. I. du Pont de Nemours & Co., Box 1009, 
Rochester 3; for mail, 72 Vassar St., Rochester 


TINY. 

Hartwell, Arthur Edward (’11; 713; ’22) (CJM), 
Pres., Gen. Mgr., Hartwell Iron Works, Inc., 224 
Rains St., Houston 2; for mail, Box 105, Houston 


Comdr., 


1, Tex. 

Hartwell, Cushman (’45), Norris & Elliott Resi- 
dent Engr, at Harwood Mfg. Corp., Inc.; for 
mail, Royal Oak Apts., Marion, Va. 

Hartwell, George Warren (J’43) (NBKRAS), 
Design Engr., Worthington Pump & Mchy. Corp., 
Appleton, Holyoke; for mail, 55 Maple St., 
Springfield, Mass. 

Hartwell, Hiram Britton (’03;’39) (MNZJBL), 
Mech. Engr., Crosby Steam Gage & Valve Co., 
10 Roland St., Charlestown, Boston; for mail, 
9 Townsend St., Waltham 54, Mass. 

Hartwell, John Nathan (J’46), 111 Cherry St., 
Gardner, Mass. 

Hartwell, Terence Canada (J’41) (AM), Ist Lt. 
(Pilot), Army Air Forces, 877th Sqd., 309th 
Bomb. Gp., Army Air Base, Columbia, 8.C.; for 
mail, 5 BE. Bissell Ave., Oil City, Pa. 

Hartwell, Thurston (’45) (CLMKJN), Ch. Engr., 
Barnstead Still & Sterilizer Co., Inc., 2 Lanes- 
ville Terrace, Roslindale 31; for mail, 20 Pine- 
wood Rd., Needham, Mass, 

Hartz, Marvin Edward (J’42) (ABJ), Contract 
Engr., Goodyear Aircraft Corp., Akron; for mail, 
160 Russell Ave., Akron 11, Ohio. 

Harvey, Albert Henry (’32) (SOTNJK), Manag- 
ing Dir., Inniss & Riddle (China) Ltd., 43 Yuen 
Ming Yuen Rd., Shanghai, Kiangsu, China. 

Harvey, Alexander (J’46), Mech. Designer, Rapid 
Transit Dept., Toronto Trans. Comm. ; for mail, 
49 Foxbar Rd., Toronto, Ont., Can. 

Harvey, Bruce Eugene (J’41) (AHB), Engr., 
Draftsman ‘‘A’”, Lockheed Aircraft Corp., 1705 
Victory St., Burbank; for matl, 306 N. Electric 
St., Alhambra, Calif. 

Harvey, Cyrus Robinson (J’32) (YAG), Esti- 
mator, Westinghouse Elec. Corp., Lester; for 
mail, 1 Drexel Rd., Swarthmore, Pa. 

Harvey, Edmund Lukens (J’37) (A), Pvt., 1st 
Class, Army Air Forces, Sqd. A, Lowry Field, 
Denver, Colo.; for mail, Bancroft Rd., Moylan, 

a. 

Harvey, James Edward (J’43) (BZM), 2895 
Elmwood Ave., Ann Arbor, Mich. 

Harvey, James Edward, Jr, (J’40) (CBMEGD), 
Lt. Comdr., Trng. in Industry (Pur.), Air Reduc- 
tion Co., Inc., Rm. 1036, 60 E. 42nd St., New 
York, N.Y. 

Harvey, James H, (J’45), 1931 S. Grove Ave., 
Berwyn, Ill. 

Harvey, John C. (’42) (COMH), Ord. Engr., Bos- 
ton Ord. Dist., 140 Federal St., Boston 10; for 
mail, 154 Beacon St., Chestnut Hill 67, Mass. 

Harvey, Maurice Eugene (J’37) (NSBH), Design 
Engr., Westinghouse Elec. Corp., Lester; for 
mail, Ardnimink Arms, City Line & Childs Ave., 
Drexel] Hill, Pa. 

Harvey, Thomas Norman, Jr. (J’38) (BJE), 
Engr., Bob Hipp Welding Works, 1460 El Camino 
Real; for mail, 955 Fremont St., Menlo Park, 
Calif. 

Harvill, Henry Lloyd (44) (BJM), Pres., H. L. 
Harvill Mfg. Co., Box 335, Vernon 11; for mail, 
Box 801A, Route 8, Anaheim, Calif. 

Harwick, Harry K. (’42) (RAFJB), Assoc. Engr., 
Edw. G. Budd Mfg. Co., 24th & Hunting Park 
Ave., Philadelphia 32, Pa. 

Harwood, Harry P. (J’43) (YL), 103 E. Walnut 
St., Alexandria, Va. 

Harz, Joseph, III (J’40), Lt. (j.g-) ; 1104 Craw- 
ford St., Vicksburg, Miss. 

Harza, Leroy Francis (’19) (H), Pres., Harza 
Engrg. Co., 205 W. Wacker Dr., Chicago, Tl. 
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Hasegawa, Akira (J’41) (HJK), Engrg. Drafts- 
man, County Regional Planning Comm., 205 §, 
Broadway, Los Angeles 12; for mail, 707 N, 
State St., Los Angeles 33, Calif. 

Hasegawa, Tatsuo (’35;’°45) (CHJKMY), Design 
Engr., Acting Ch. Draftsman, Dri-Steam Prod- 
ucts, Inc., 559 W. 35th St., New York 1; for 
mail, 75 Wadsworth Terrace, New York 33, N.Y. 

Haselberger, Ray E. (J’385) (AZY), Project 
Engr., Aero. Div., Minneapolis-Honeywell Regu- 
lator Co., 2753—4th Ave., Minneapolis; for mail, 
408 N. Wheeler St., St. Paul 4, Minn. 

Hashagen, John B, (J’20), 4236 N. Mozart St., 
Chicago, Il. 

Haskell, J. Dennis (’21;’31), Secy., Engr., Dilts 
Mch. Works, Inc., Fulton, N.Y. 

Haskell, M. E. (’32), 3 St. James Court, Marine 
Dr., Bombay, India. 

Haskin, Joseph Robert, Jr, (’42;’45) (CSEO) 
Steam Engr., Monsanto Chem. Co., 1700 S. and 
St., St. Louis 4; for mail, 419 Clark Ave., Kirk- 
wood 22, Mo. 

Haskin, Lawrence Howard, Jr. (J’45) (ABCJM), 
Champlain Co., Inc., 88 Llewellyn Ave., Bloom- 
field, N.J. 

Haskins, George William (’21;’26;’35) (ABO 
EF), Lt. Col., Army Air Forces, Commanding, 
Mills Field, San Bruno, Calif.; for mail, 283— 
28th Ave., San Francisco 21, Calif. 

Haslach, Joseph P. (’40) (GMT), Engr., Weben- 
dorfer & Wills, Inc., Mt. Vernon; for mail, 1594 
Unionport Rd., New York, N.Y. 

Hasse, Frank C. (’36) (ROJ), V.P., Mech. Dept., 
Oxweld R.R. Serv. Co., 280 N. Michigan Ave., 
Chicago 1, Ill. 

Hasselberg, Frederick Crozier, Jr. (J’44) (NO 
MDC), Design Engr., Celery Harvester Co., Box 
831, Sarasota, Fla. 

Hassell, Howard Johannas (’45) (SOEFNB), Ch. 
Engr., Power Engrg. Oo., Box 1777, Salt Lake 
City; for mail, 1519 S, 16th St. E., Salt Lake 
City 5, Utah. 

Hassett, Robert J. (J’43) (BAN), Sr, Stress 
Analyst, Glenn L. Martin Co., Middle River, 
Baltimore 20; for mail, 24 Walkern Rd., Balti- 
more 21, Md. 

Hassler, Frank Rogers (’24;’27; 785) (CM), Lt. 
Col., Ord. Dept., U.S.A., Chief, Readjustment 
Div., St. Louis Ord. Dist., 4801 Riverview Blvd., 
St. Louis, Mo.; for mail, Box 476, R.R. 13, Kirk- 
wood 22, Mo. 

Hassman, Fred Anthony (’30) (BHN), Design 
Supvr., Cincinnati Milling Mch. Co., Marburg St., 
Cincinnati; for mail, 824 Wakefield Dr., Cincin- 
nati 26, Ohio. 

Hastings, Chas, F, (’21), Retired; 92 Lakeview 
Ave., Lynn, Mass. 

Hastings, Raymond George (’30) (SMCDOA), 
Valuation Engr., Jackson & Moreland, 31 St. 
James Ave., Boston 16; for mail, 132 Wellesley 
St., Weston 93, Mass. 

Haswell, Henry Lawrence (’44) (NHG), Asst. 
Ch. Engr., Devel., Champagne Paper Corp., Box 
300, Pisgah Forest; for mail, 357 Broad St., 
Brevard, N.O. 

Hatch, Albert Marston (J’40) (BAS), Mech. 
Engr., Gen. Elec, Co., 920 Western Ave., West 
Lynn; for mail, 9 Centre St., Brookline, Mass. 

Hatch, Burton D, (J’37) (NBZCYJ), Mar. See. 
Leader, Gen, Elec. Oo., Bldg. 81, 1 River Rd., 
Schenectady 5, N.Y. 

Hatch, Charles Haight (743) (COMJ), Mgmt. 
Engr., Decoy Farm, Rock Hall, Md. 

Hatch, Gordon Hayes (’34; 44) (ZLJMGH), Tool 
& Prod. Engr., Platts Mills, Bristol Co., Water- 
bury; for mail, 116 Oliff St., Naugatuck, Conn. 

Hatch, John P. (J’39) (CKS), Draftsman, New- 
port News Shipbldg. & Dry Dock Co.; for mail, 
348—58th St., Newport News, Va. 

Hatch, Theodore Frederick (’35) (BHMDO), 
Head, Mem. Relations, Industrial Hygiene Foun- 
dation, 4400—5th Ave., Pittsburgh 13, Pa. 

Hatfield, Homer F, (’89) (SFD), Steam Engr., 
Pa. Power & Light Co., 901 Hamilton St., Allen- 
town, Pa. 

Hatfield, Robert Marcus, Jr. (’43) (SFCK), 
Asst. Gen. Sales Mgr., Combustion Engrg. O©o., 
Inc., 200 Madison Ave., New York, N.Y.; for 
mail, 89 Ashton Pl., Glen Rock, N.J. 

Hattis, Robert Elijah (’43) (EKS), 28 E. Jack- 
son Blvd., Chicago 4, Ill. 

Hatton, Morton (’42) (OOCSE), Rate Research 
Engr., Ebasco Services Inc., 2 Rector St., New 
York 6, N.Y. 

Hatzfeld, George, Jr. (J’34) (RSKFHE), Test 
Engr., N.Y. City Transit System, 500 Kent 
Ave., Brooklyn; for mail, 176 Overlook Ave., 
Great Neck, L.I., N.Y. 

Hau, Oscar Enrique (J’41) (BCDEFJ), Diez de 
Andino 1, Santurce, P.R. 

Hauer, Edward Raymond (’42) (RJEFKB), 
Engr., M.P., Advis. Mech. Comm., 1038 Midland 
Bldg., Cleveland, Ohio. 

Hauffe, Floyd H, (J’44) (EHS), Lt. Col., Hdgq., 
13th Abn, Div., A.P.O. 333, Ft. Bragg, N.O. 
Haug, John Rowland (J’42), Lt., U.S.N.R.; 
9509 Germantown Ave., Philadelphia 18, Pa. 
Haug, John Sobieski (’27) (FJKBSE), Cons, 
Gas Engr., United Engrs. & Constructors Inc., 

1401 Arch St., Philadelphia 5, Pa. 

Hauger, Harry Hoyt, Jr. (J’44) (AKHBS), 
8028 Blackburn Ave., Los Angeles 36, Calif. 

Haughton, Frank Alricks (’03) (NJRYWH), 
Retired; 1084 Waverly Pl., Schenectady 8, N.Y. 


HAUPT 


Haupt, H. Harold (’30) (RSDF), Gen. Supt. 
M.P., Pa. R.R., Pa. Sta. Bldg., Pittsburgh 22; 
for mail, 591 Moorhead P1l., Pittsburgh 6, Pa. 

Hauschildt, Maurice Richard (J’41) (SKFBW), 


Mar. Engr., Mch. Desien, Bur. of Ships, Navy 
pe. a St. & Constitution Ave., Washington 
25. for mail, 10109 Greenock Rd., Silver 
nee ‘Mad. 

Hausel, Walter M. (’18;’30) (ACLM), 68 
Hamilton Ave., Yonkers 5, N.Y. 

Hauselt, J. Donald (J°38) (BKS), Atty. at Law, 


Ebenezer Oil Co. Te: ; for mail, 132 Stevens 
St., Wellsville, N.Y 

Hauser, Cavour Herman (J’44) (ABKSCY), 
Natl. Advis. Com. for Aero., Cleveland Airport, 
Cleveland ; for mail, 1863 Lakewood Ave., Lake- 
wood 7, Ohio. 

Hauser, George Henry (’18;’31) (AC), V-P., 
Liberty Aircraft Products Corp., Farmingdale ; 
for mail, 29 Hilton Ave., Garden City, L.I., N.Y. 

Hauser, John Herman (J’41) (MNZJAC), De- 


signer, Huck & Co., 420 Lexington Ave., New 
York; for mail, 48-10—48rd St., Woodside, 
alee (NW 

Hausler, Walter Bertrand (J’41) (ZNBAJM), 
Spec. Asst. Engr., Office of Scien. Research & 
Devel., 1530 P St., N.W., Washington 25; for 
mail, 8726 Connecticut Ave., N.W., Washington 


8, D.C. 

Hausman, Moses (’28; 34; ’35) (BDCM), Auto- 
motive Mech. Engr., War Dept., Union Guardian 
Bldg., Detroit 26, Mich. ; ae mail, 447 Ft. Wash- 
ington Ave., New York 33, 

Hausman, Sidney ('23; ia) (OCMLDT), Cons. 
Engr., Westminster, Md 

Hausmann, Louis (36) (BEFKLN), Comdr., 
U.S.N.R., Mchy. Design Sec., Bur. of Ships, 
Navy Dept., Washington; for mail, 3000 Gaines- 
ville St., S.E., Washington 20, D.C. 

Hausmann, William (J’38) (CMJN), Plant Mer., 


Schnefel Bros. Corp., 682 S. 17th St., Newark 3; 
for mail, 2143 Kay Ave., Union, N.J. 
Havel, Frank Lawrence (J’10) (OMCLKJ), 


Chief, (Engr.), Charge of Modification Overseas 
Materiel Procurement, Office, Chief of Ord., 
U.S.A., Union Guardian Bldg., Detroit ; for mail, 
17127 Ontario Ave., Detroit 20, Mich. 

Havemeyer, H. R. (J’44), 1833 E. 18th St., 
Brooklyn, N.Y. 

Havemeyer, Henry Osborne, Jr. (’80; 42) (RF 
SK), Exec. Asst. to Pres., Brooklyn Eastern 
ee Terminal R.R., 111 Broadway, New York 6, 


aN 

Havens, Kenneth Barton (J’35) (RNBH), Mech. 
Designer, Sharples Corp., 2300 Westmoreland 
St., Philadelphia 40; for mail, 7271 Guilford 
Rd., Upper Darby, Pa. 

Havens, Louis Arthur (’44) (CMFD), V.P., Mer., 
Louis Sherry, Ine., 80-30 Northern Blvd., Long 
Island City; for mail, 107 Union St., Valley 
Stream, N.Y. 

Haver, Ralph L. (J’36) (ACM), Project Enegr., 
Rvan Aero. Co.; for mail, 4658 Adams, San 
Diego, Calif. 

WHaverstick, John Sterling (’44) (SBKE), Asst. 
Ch. Engr., Gas Turbine Div., De Laval Steam 
Turbine Co., Trenton 2; for mail, R.D. 2, Stock- 
ton, N.J. 

Havey, Edward Joseph, Jr. (J’44) (ABJ), 220 
N. Regent St., Port Chester, N.Y. 

Havlik, Maurice Daniel (J’42) (MLJYEO), En- 


sign, U.S.N.; for mail, Box 254, Moulton, Tex. 
Havrylak, Joseph (J’45) (MCDOFY), Ensign, 
U.S.N.R., Personnel Officer, Staff, Comdr. Am- 


phibious Gp. 8, F.P.0., San Francisco, Calif. 

Hawke, Clarence Ewart (’27) (FLKSJC), Gen. 
Sales Megr., Refractory Div., Carborundum Co., 
Perth Amboy, N.J. 

Hawkins, Albert E. (J’40) (BDL), Ch. Engr., 
J. M. Lehmann Co., Inc., 550 New York Ave., 
Lyndhurst; for mail, Apt. E2, 550 Piaget Ave., 
Clifton, N.J. z 

Hawkins, Edward Carroll (J’41) (ABHNW), 
Layout Designer, Glenn L. Martin O©o., Balti- 
more 3; for mail, 18 S. Beechwood Ave., Balti- 
more 28, Md. 

Hawkins, George Andrew (’30;’38) (KBZ), 
Pi Tau Sigma Medallist, ’40; Prof. Thermo- 
dynamics, Purdue Univ.; for mail, 701 Crest- 
view, West Lafayette, Ind. 

Hawkins, George W. (’13), 316 Greenway Rd., 
Ridvewood, N.J, 

Hawkins, Milton Gregory (J’44) (OGRE Sales 
Engr., Barnes & Reinecke, 230 E. Ohio St., 
Chicago 11; for mail, 4529 N. Gedsace, Chi: 
cago 40, TI] 

Hawkins, Robert Barton (J’43) (ESK), Field 
Engr., Sealed Power Corp., 5-164 Gen. Motors 
Bldg., Detroit 2, Mich. 

Hawkins, Robert Dawson (’39) (BAH), Prof. 
Applied Mechanics, College of Engrg., Univ. of 
Ky.. Lexington, Ky. 

Hawkins, Wilford Judson (’43) (BCMNO), 
Works Megr., Loading Plant, Atlas Ansonia Co., 
Stiles Lane, North Haven j lege mail, 145 E. 


Arthur S. (’04; s09). 4510 Ridge St., 


Chevy Chase 15, Md. 
Hawley, Charles D. (’45) (EFAC), Asst. to 
Ethyl Corp., 16600 W. Eight Mile 


Gen. Mar., 
Rd.. Detroit 20, Mich. 

Hawley, Charles Freeman (’39) (FKS), Asst. 
Ch. Mech. Engr., Riley Stoker Corp., Worcester ; 
for mail, Walnut Ave. Holden, Mass. 

Hawley, Ransom Smith (16) (SCF), Chmn., 
Dept. of Mech. Engrg., Univ. of Mich., Ann 
Arbor, Mich. 


Hawley, William Parker (’03; A’10) (NBJM 
WG), Retired; 320 N. Ridgeland Ave, Oak 
Park, Ill 


Haworth, Henry Lowell (’39) (CLS), Ch. Engr., 
Fox Paper Co., Lockland; for mail, 130 Spring- 
field Pike, Wyoming, Cincinnati 15, Ohio. 

Hawthorne, Charles Wilson, Jr. (43) (FLS), 
Supt. of Rolling Mills Maint., Kaiser Co., Inc., 
Fontana, Calif. 

Hay, Arthur Donald (J’42) (HBNS), Asst. Prof., 
Project Dir., Sch. of Engrg., Princeton Univ., 
Washington Rd.; for mail, 120 Prospect Ave., 
Princeton, N.J. 

Hay, Barclay William (’27;’45) (CFJKLS), 
Supt. Gen. Utilities, Tenn. Eastman Corp.; for 
mail, Apt. A-8-121, Oak Ridge, Tenn. 

Hay, Earl Downing (’18;’20) (NBGMLY), Prof. 
Mech. & Indus. Engrg., Univ. pee for mail, 
1653 Indiana St., Lawrence, 

Hay, Robert Franklin (J’ ies *OIM), 12146 
Kentucky Ave., Detroit 4, Mich. 

Hay, William Oscar, Jr. (19; 7385) (BOJSZ), 
Pres., Elec. Securities Corp., 570 Lexington 
Ave., New York 22, N.Y. 

Hayden, Ralph Thomas (J’44) (SFOCTMK), 
Power Engr., Indus. Rayon Corp.; for mail, 
R.F.D, 2, Fairlawn, Covington, Va 

Hayden, William F, (J’40) (CDS), ‘Ensign, R.R. 
1, Muscatine, lowa. 

Haydock, John (’34) (MJCADR), Exec. Editor, 
American Machinist, McGraw-Hill Publ. Co., 
330 W. 42nd St., New York 18, N.Y. " 

Haydon, A. William (’40) (ABCNSZ), Pres., 
Treas., Ch. Engr., A. W. Haydon Co., 711 Lilley 
Bldg., 111 W. Main St., Waterbury 32, Conn. 

Hayek, Arthur Foster (J’39) (NB), Engr., Re- 
search, Gen. Precision Lab., Inc., Bedford Rd., 
Pleasantville, N.Y¥.; for mail, 142 Oakwood Ave., 
Bogota, N.J. 

Hayes, Crawford (J’42) (JMCBN), Design Engr., 


Remington Arms Co., Ilion, 
Hayes, Edwin G. (Gf BOK Draftsman, Marnall 
Steel Products, Inc., 501—5th Ave., New York ; 


for mail, 7615 Colonial Rd., Brooklyn, N.Y. 
Hayes, Elmer B, (’41) (FKS), Engr., Charge of 

Constr., Nashua Gummed & Coated Paper Co., 

Erenkta St.; for mail, 27 Concord St., Nashua, 


Anke 
Beyer Frank 0, (A’45) (CJM), Engrg. Dept., 
E. I. du Boat ee Nemours & Co., du Pont Bldg., 
Wilmington, 

Hayes, John re “37) (EF), Lt., U.S.N., Bur. of 
Ships, Navy Dept., Washington, DCs. jor mail, 
1318 N. Illinois St., Arlington, Va. 

Hayes, Lawrence W. (’17;’35) (EHSY), Treas., 
Hayes Pump & Mchy. Co., 125 Purchase St., 


Boston 10, Mass. 

Hayes, William T, (’23) (CFP), Local Mer., 
Maint. & Repair Div., War Shipping Admin., 
1055 Dexter Horton Bldg., Seattle 4, Wash. 


Hayleck, Charles Raymond, Jr. (J’43), Asst. 


Engrg. Instr., College of Engrg., Univ. of Md., 
College Park, 
Haynes, Hasbrouck (712; °193;’28) (CM), Ist 


Natl. Bank Bldg., Chicago 8, IL. 
723) (ORDONM), 


Haynes, James LeRoy (14; 
Div. Engr., Hyatt Bearings Div., Gen. Motors 
Corp., 332 S. Michigan St., Chicago 4, Ill. 


Haynes, James Morton (J’44) (CE), Witte Eng. 
Works Div., Oil Well Supply Co., 1600 Oakland 
Ave., Kansas City 3, Mo. 

Haynes, Paul Drew (J’44) (CHS), 
Radio Technician, 2nd Class, Gen. 

Oceana, Va, 

Haynes, Thomas Edwin (J’44) (MCDNAJ), 
Mech. Engr., Natl. Advis. Com. for Aero., Lang- 
oi Field ; for mail, 146 Hanover Ave., Hampton, 

Hrasien Wm, E. (’28;°26;’35) (JNALG), 1st 
Asst. Supvr., Sch. Shops, Woodrow Wilson Vo- 
cational High Sch., Bd. of Education, 92-23— 
170th St., Jamaica 8, N.Y. 

Hays, Charles Raymond (J’45) (BJNDMC), De- 
signer, Chemist, Nanaimo Fdy. & Engrg. Works 
Ltd., Comax Rd., Nanaimo, B.O., Can. 

Hays, Frank Bellchambers (’46), Comdr., 
U.S.N.R., Planning Supt., Indus. Comd., Naval 
Repair Base ;-for mail, 2922 Ocean View Blvd., 
San Diego, Calif. 

Hays, Fred Negley (’45) (CSKMFO), Engr., 
Spec. Assignment, Carnegie-Ill. Steel Corp., 1431 
Carnegie Bldg., Pittsburgh, Pa. 

Hays, Lawrence Clayton (J’41) (JFESND), Re- 
search Fellowship, Lubrizol Corp., Cleveland; 
file mail, 11320 Knowlton Ave., Cleveland 6, 

io. 

Hays, Lewis Tompkins (’16;’18) (ADN), Sales 
ee Columbia Steel Co., Box 3416, Portland, 

re, 

Hayward, John Gamble (J’39) (SGB), Assoc. 
Mar. Engr., Navy Dept., D/O Bldg. 21, U.S. 
Naval Drydock, South Boston ; for mail, 200 Mid- 
dlesex Ave., Wilmington, Mass. 

Hayward, Judson (’15;’26) (D), Pres., Treas., 
Gen. Mgr., Hayward Co., 50 Church St., New 
SON'S VI INNS 

Haywood, Joseph (J’39), Bethlehem Pike & Lin- 
dernwold Ave., Ambler, Pa. 

Hazard, Charles Sprague (’84) (ZAN), Ch. 
Engr., Neptune Meter Co., 50 W. 50th St. New 
York 20, N.Y. 

Hazard, Charles Stephen (J’42) (AEM), Lt.; 52 
Fairway, Bloomfield, N.J. 

Hazard, Geoffrey Cornell (’28;’88) (BOT), 97 
Ivy Way, Port Washington, N.Y. 
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Hazard, Herbert R. (J’389) (FKS), Research 
Engr., Battelle Memorial Inst., 505 King Ave., 
Columbus 1, Ohio. 


Hazelton, Charles Henry (’19) (MC), Gen. 
Supt. Prod., Foote Burt Co., 13000 St. Clair 
Ave., Cleveland 8; for mail, 8502 Edison Rd., 


Cleveland Heights 21, Ohio. 

Hazen, Deane Stanley (’21;’26;’35) (CMLJ), 
Treas., Mgmt. Engr., U.S. Slicing Mch. Co., La 
Porte, Ind. 

Hazen, Frank D, (’87) (EKSZJ), Gen. Sales 
Mgr., Am. Arch Co., Inc., 1480 Park Bldg., Pitts- 
burgh 22, Pa. 

Hazen, Joseph (J’44) (COBFHJ), Operas. Supvr., 
Shell Oil Co., Inc., 420 Oakland St., Brooklyn 
ve for mail, 32-51—77th St., Jackson Heights, 


Hazlett, William A. (J’37) (CHS), 3904 N. 
Charles St., Baltimore 18, Md. 

So Francis (06) (SE), 129 E. 10th St., New 
ork, 

Head, Victor (J’41), Research Engr., Fluids 
Engrg. Dept., Fischer & Porter Co., County Line 


Rd.; for mail, 24 Elmwood Ave., Lacey Pk., 
Hatboro, Pa. 
Headley, Lewis M. (’41) (J), Tech. Adviser, 


Fed. Mch. & Welder Co.; for mail, Apt. F, 2629 
South St., Warren, Ohio. 

Headman, Sasha Sam (’25) (SEWOMF), Part- 
ner, Headman, Ferguson & Carollo, 825 Ellis 
Bldg., Phoenix, Ariz. 

Heald, Henry Townley (’40) (BC), Pres., Ill. 
Inst. of Tech., 8300 Federal St., Chicago 16, 


Til. 

Heald, Royal H. (’19; ’21; ’35), Assoc. Physicist, 
Natl. Bur. of Stands., Connecticut Ave. & Van 
Ness St.; for mail, 6201 Utah Ave., N.W., Wash- 
ington, D. C. 

Heald, Willard R. (720; 30) (CJM), Megr., 
Wilmington Shops Div., E. I. du Pont de Ne- 
mours & Co.; for mail, 14 Granite Rd., Wilming- 
ton 284, Del. 

Healey, Edward Aldrich (’27;°732; 785), Equip. 
Design, Am. Cyanamid Co., 30 Rockefeller Plaza, 
New York 20, N.Y. 

Healy, George F, (J’41) (AJK), 202 S. Augusta 
Ave., Baltimore, d. 

Healy, James Joseph (’28; ’35) (OHFCNS), Pro- 
ject Engr., Am. Rolling Mills Co., Curtis St., 
Middletown; for mail, 261 Yankee Rd., Middle- 
town 8, Ohio. 

Healy, John M. (’28; ’85), Design Engr., Chas. 
Hartmann Co., 985 Dean St.; for mail, 17538 
Madison P1., Brooklyn, N.Y 

Healy, William Joseph (42) (ES), Sales Engr., 
De Laval Steam Turbine Co., Trenton, N.J.; for 
mail, 111 Arborlea Ave., Morrisville, Pa. 

Heard, M. Earl (’42) (TKYZ), Dir., Research, 
West Point Mfg. Co., West Point, Ga. 

Hearn, Harold Edwin (J’43) (AE), Asst. Engr., 
Refinery Maint. Sec., Trinidad Leaseholds, Ltd., 
Pointe-a-Pierre, Trinidad, B.W.I. 

Hearty, Frank J. (’20; 385) (SEK), Owner, F. J. 
Hearty & Co., Archs. Bldg., 816 W. 5th, Los An- 
geles 13; er mail, 2620 Prospect Ave., La Cres- 
centa, Calif. 

Heater, Charles L. (42) (RC), V.P., Engrg., 
Am. Steel Fdys., 410 N. Michigan Ave., Chicago 
alate 


Tl. 
Heath, Armour Roy, Jr. (J’38) (ACJ), Project 


Engr., Titeflex Metal Hose Co., 500 Freling- 
huysen Ave., Newark; for mail, Apt. 1D, 18 
Meadowbrook Village, Plainfield, N.J. 

Heath, Charles O., Jr, (J’43) (SKJ), Asst. Prof. 
Mech, Engrg., Rutgers Univ., New Brunswick, 


N.J. 

Heath, Clifford John (J’43), Natl. Magnesium 

ee of Elkton, Md., 74 Trinity Pl., New York, 
; for mail, 255 Churchill Rd., West Engle- 
eat N.J. 

Heath, Westcott, Jr. (J3’39) (ZYJL), Sr. Test 
Engr., Wright Aero. Corp., Beckwith Ave., Pater- 
son ; for matl, 410—16th St., Union City, N.J. 

Heavilon, Ernest Baker (’28;’45) (COMAJR), 
Cons. Engr., Charge of Assigned Field Work, 
Trundle Engrg Co., Bulkley Bldg., 1501 Euclid 
Ave., Cleveland; for mail, 4211 Albertly, Parma, 


io. 

Hebard, James Currier, Jr. (J’44) (BDJLNZ), 
Mech. Engr., Research & Devel., J. W. Greer Co., 
119 Windsor St., Cambridge A839; for mail, 450-B 
William St., Stoneham 80, Mass. 

Hebberd, Loren L. (’12; 15; ’24), Ch. Engr.,’ 
Ramtite Co., 2563 W. 18th St., Chicago 8, Il. 
Hebenstreit, Charles George (J’41) (YKLBJ), 
Design Engr., Bakelite Corp., River Rd., Bound 

Brook ; for mail, 9 Barkley Ave., Clifton, N.J. 

Hebert, A. J. G. (’40) (DHSBMJ), Asst. to Ch. 
Engr., Plessisville Fdy.; for mail, 129 St. 
Calixte St., Plessisville, Que., Can. 

Hebler, Wm. 0. (’33; 35) (ZEFS), Owner, Wm. 
oO. Neg Co., Central & Long Aves., Hillside, 


Hebiey, Henry Frederick (’24;’32) (CFLRS), 
Dir. of Research, Pittsburgh Coal Co., Box 146, 
Pittsburgh 30, Pa, 

Hebrank, “Eugene Ferdinand (J3’48) (CMNGJB), 
Lt. (j.g.), U.S.N.R., Instr., Mar. Engrg. Dept., 
U.S. Naval Acad. ; for mail, 8302 Dreams Landing, 
Annapolis, Md. 


Hechler, F, G. (’15;’29) (EKS), Dir., Engrg. 
Exec Sta., Pa. State College, State College, 
a, 

Hecht, Edward E, (748) (CJM), Die & Tool 


Engr., Dodge Main Plant, Chrysler Corp., 7900 
Jos. Gampau Ave., Detroit 11, Mich, 


ASME. MEMBERS—ALPHABETICAL LIST 


Hecht, Herbert (J’42) (A), Pvt., Corps of Engrs., 
A.U.S., Separation Sec., Officers Div., Army Serv. 
Forces Trng. Center, Hdq. Co., NE-22, Ft. Bel- 
voir, Va.; for mail, 180 Riverside Dr., New York 


24, N.Y. 

Heck, John A. (J’40) (BEF), Test Engr., Bald- 
win Southwark Div., Baldwin Locomotive Works, 
Eddystone ; for mail, 958 N. 5th St., Philadelphia, 


Pa. 

Heck, John William (J’41) (JOHN), Asst. Plant 
Chief, Bertha Mineral Div., N.J. Zine Co.; for 
mail, Austinville, Va. 

Heck, John Wilson (J’36), Surveyor, Am. Bur, 
of Shipping, 47 Beaver St., New York ; for mail, 
86-10—34th Ave., Jackson Heights, N.Y. 

Heck, Robert C. H. (’06; F’43) (SFEKBR), Life 
Member for Distinguished Service, ’22; Emeritus 
Prof., Mech. Engrg., Rutgers Univ.; for mail, 51 
‘Adelaide Ave., New Brunswick, N.J. 

Hecker, Arthur E, (’21; 29) (LCODFYZ), Ch. 
Engr., Am. Cyanamid Co., 30 Rockefeller Plaza, 
New York 20, N.Y. 

Hecker, Harvard K. (J’39), Designing Mech. 
Engr., Medart Co., 3500 DeKalb St., St. Louis ; 
for mail, 31 Brentmoor Pk., Clayton 5, Mo. 

Hecker, Roland Fred (J’45) (BHJMC), Design 
Engr., Lodge & Shipley Mch, Tool Co., 3055 
Colerain Ave., Cincinnati 23, Ohio. 

(J’41) (BMJ), Glen 


Heckman, David Allen 
Gardner, N.J. 
Heckman, James ©. (’20), Engr., Stevenson, 


Jordan & Harrison, 19 W. 44th St., New York 
18; for mail, 8 Bayard St., Larchmont, N.Y. 
Heckman, Thomas Paul (J’41) (MLDC), 708 

N. 35th St., Seattle 3, Wash. 

Hedberg, Harold Frederick (J’21) (TOCMN), 
Asst. Gen. Supt., Albany Felt Co., 1373 Broad- 
way, Albany 1, N.Y. 

Hedberg, John Viking (J’45), 58—79th St., 
Brooklyn, N.Y. 

Heddaeus, Ray Lester, Jr. (J’40) (NJMA), Jr. 
Enegr., Voss Mchy. Co., 2882 W. Liberty Ave., 
Pittsburgh 16; for mail, 703 Klemont Ave., Pitts- 
burgh 2, Pa. 

Heddell, Douglas (’23; 33; ’35) (KHCBOG), 
Qnarterman, Htg. & Plumbing Shop, Dept. of 
Pub. Works, Naval Air Sta., Alameda, Calif. 

Hedeen, Ernest William, Jr. (J’44) (NMCDJ), 
Seaman, 1st Class, U.S.N.R., Ward 22N, Naval 
Hospital, Great Lakes; for mail, 7649 Luella 
Ave., Chicago 49, Il. 

Hedges, Selby E. (18; 724), Retired; 922 Ss. 
Galena Ave., Dixon, Tl. 

Hedman, Sverker Nils Fredrick (’45) (KRSB 
JN), Designing Engr., Auxiliary Turbine Engrg. 
Div., Gen. Elec. Co., 166 Broad St., Fitchburg, 
Mass. 

Hedstrom, Kenneth John (J’41) (CNSKLY), Lt., 
U.S.N.R., Asst. Officer in Charge, Ship’s Spares 
Branch, Naval Supply Center, Guam, Navy 926, 
F.P.0., San Francisco; for mail, 2110—42nd 
Ave., Oakland 1, Calif. 

Heebner, Edmund Richard (J’44), Gen. Delivery, 
Kearns, Utah. 

Heehs, Richard Arthur (J’44), Lt. (j.g-), 
U.S.N.R., U.S.S. Gen. J. C. Breckenridge, AP-176, 
F.P.0., San Francisco, Calif.; for mail, Route 5, 
Perkins Rd., Memphis, Tenn. 

Heekin, Daniel Molloy (’17; ’23) (CMR), Secy., 
Treas., Heekin Can Oo., 435 New St., Cincinnati 
2, Ohio. 

Heenan, John Nelson Dundas (719; 25) (AOT 
KFB), Aero. & Gen. Cons. Engr., Heenan Winn 
& Steel, 29 Clarges St., Piccadilly, London, W.I., 
England. 

Heeren, Duane Wesley (J’38) (HEFR), Constr. 
& Maint. Engr., San Joaquin Valley Pipeline 
Dept.. Tide Water Associated Oil Co., Box 1101, 
Coalinga, Calif. 

Heffelfinger, Heaton Bennet (J’43) (YRBJ), 
Rubber Sales Engr., Stanco Distributors, Ine., 
Stand. Oil Oo. of N.J., 26 Broadway, New 
York 4; for mail, 95 Marble Hill Ave., New York 
68r Ni. 

Heffernan, John T. (’94), 707 White Bldg., Seat- 
tle 1, Wash. 

Heffernan, William Henry (’29) (LCMNSRK), 
Mech. Engr., Am. Cyanamid Oo., Linden, N.J.3 
for mail, 276 Florence Rd., Walthan 54, Mass. 

Hefner, Charles Frank (J’43) (EMC), V.P., 
Charge of Sales, Hefner Elec. Co., 6 Lafayette 
Ave., Brooklyn 17, N.Y. 

Heftler, Paul (45) (AR), 1051 Berkshire Rd., 
Detroit 30, Mich. 

Heftler, Victor R. (714), 1051 Berkshire Rd., 
Grosse Pointe Park, Mich. 

Hefty, Paul Milton (J’39) (LE), Ch. Draftsman, 
Natl. Gasoline Dept., Phillips Petroleum Co., 
Bartlesville; for mail, 102 S. Wyandotte St., 
Dewey, Okla. 

Hege, Jeremiah Collins (J’48) (ABW), Ist Lt., 
Army Air Forces, Propeller Lab., Wright Field, 
Dayton, Ohio. 

Hegenbarth, Francis (23) (KFN), Mgr., Sugar 
Mchy. Diy., Vulcan Iron Works, Box 570, Wilkes- 
Barre, Pa. 

Heger, Erwin Frank (J’40) (MOCL), Mech. 
Engr., Constr. & Repair, Grasselli Chem. Div., 
BE. 1. du Pont de Nemours & Co., Grasselli; for 
mail, 144 Murray St., Elizabeth 2, N.J. 

Hegge, Joseph Irving, Jr. (J'45) (ABE), Sr. 
Test Engr., Wright Aero. Corp., Beckwith & 
Madison, Paterson; for mail, 142 Gordonhurst 
Ave., Upper Montclair, NJ. 


Heggen, Odvar (J’38) (CLM), Lt., 0-V (Ss), 
U.S.N.R., Naval Shipyard, Brooklyn; for mail, 
60 Heartt Ave., Cahoes, N.Y. 

Bere Floyd W. (J’40) (AKS), Box 26, Muroce, 
alif. 

Hehemann, Fred H. (J’14) (BJSML), Ch. Engr., 
Lunkenheimer Co., Beekman & Waverly Ave., 
Cincinnati 14, Ohio. 

Hehemann, Robert Frederick (J’43) (BJK), 1st 
Lt., Ord. Dept., U.S.A., Physicist, Lab. Div., 
Frankford Arsenal, Philadelphia; for mail, 4717 
Rising Sun Ave., Philadelphia 20, Pa. 

Heidersbach, Fritz George (J’32) (BFJKE), 
Mech. Designer, M. W. Kellogg Co., 225 Broad- 
way, New York 7, N.Y. 

Heidinger, Fritz (J’26) (BDH), Assoc. Engr., 
U.S. Bur. of Reclamation, New Custom House ; 
for mail, 1771 Pennsylvania St., Denver, Colo. 

Heidmann, Marcus Frank (J’45) (ABM), Mech. 
Research Engr., Natl. Advis. Com. for Aero., 
Cleveland Airport, Cleveland; for mail, 2100 
Arthur Ave., Lakewood 7, Ohio. 

Heigl, Carl H. (J'37) (NJMGCB), Gen. Mgr., 
Superior Products Co., 5504 Superior Ave.; for 
mail, 628 E. 96th St., Cleveland 3, Ohio. 

Heil, Alfred Louis (J'43) (DEFS), Jr. Methods 
Engr., Fairchild Camera & Instrument Corp., 
88-06 Van Wyck Blvd., Jamaica; for mail, 242-01 
Merrick Rd., Rosedale 10, N.Y. 

Heilberg, Herbert (J’44) (BEK), 214 S. Pearl 
St., Natchez, Miss. 

Heilig, Charles Earl, Jr. (J’44) (JKMNRY), Sr. 
Engr., Design & Devel., Philco Corp., C St. & 
Allegheny Ave., Philadelphia 34; for mail, 1105 
Roosevelt Dr., Upper Darby, Pa. 

Heilig, William Emrich (’27; ’35) (JCBKSE), 
V.P., Charge Engrg., Wm. Powell Co., 2525 
Spring Grove Ave., Cincinnati 22 ; for mail, 3214 
Woodburn Ave., Cincinnati 7, Ohio. 

Heilman, Russell Howard ('19; ’25; 730) (KB), 
Junior Award, ’22 & ’24; Sr. Fellow, Mellon 
Inst., 4400—5th Ave., Pittsburgh 13, Pa. 

Heim, Alfred Henry (J’44) (BGH), Route 1; 
Turtle Ridge, Beloit, Wis. 

Heim, William (J’41) (BJM), Mech. Engr., S. Ss. 
White Dental Mfg. Co., Prince Bay, S.1.; for 
ae 107-03—86th Ave., Richmond Hill, L.I., 


Heimberger, Oscar W. (’23; ’31) (KSELBR), 
Asst. Ch. Engr., Griscom-Russell Co., 285 Madi- 
son Ave., New York 17, NEY. 

Heimbrock, Jos. H. (’38) (FKS), Ch. Engr., 
Columbia Power Sta., Cincinnati Gas & Elec. Co., 
Columbia Park; for mail, 7250 Overcliff Dr., 
Cincinnati 33, Ohio. 

Hein, Harrison Peckham (J’45) (CMAJ), O.K. 
Tool Co., 33 Hull St., Shelton, Conn. 

Hein, Howard Arthur (J’45) (JMCN), Ch. Sales 
Engr., Cleveland Automatic Mch. Co., 2269 Ash- 
Jand Rd., Cleveland 3; for mail, 1500 Lyndhurst 
Rd., South Euclid 21, Ohio. 

Hein, Jerome Joseph (J’°37) (LNMZDO), Sr. 
Engr., Engrg. Dept., Corn Products Refining Co., 
Argo; for mail, 249 Herrick Rd., Riverside, Il. 

Heine, Francis A, (’34) (HCZ), Ch. Engr., Bur, 
of Water, City Hall, Reading, Pa. 

Heine, Gregor H. (18; ’24) (FSZ), Mech. Engr., 
Power Plant Constr., Gibbs & Hill, Inc., 326 
Kentucky Ave., Indianapolis 6; for mail, Hotel 
Barton, Indianapolis 4, Ind. 

Heineman, John (’35) (AY), Factory Rep., Vul- 
canized Rubber & Plastics Co., 261-5th Ave., New 
York 16, N.Y.; for mail, 116 Daniels Ave., 
Rutherford, N.J. 

Heinen, Fred ©. (J’21), Camel Sales Co., 500— 
Sth Ave., New York, N.Y. 

Heiney, Lewis Ernest (J’41) (AJM), Cpl., Army 
Air Forces, Sqd. 5, 4000th Base Unit (AB), 
Wright Field, Dayton, Ohio; for mail, Box 147, 
Bloom, Kan. 

Heinrich, Chester Joseph (45) (CMNODJ), 1355 
—20th St., Fair Lawn, N.J. 

Heintz, Ralph Morell (’42) (ABJ), V.P., Charge 
Engrg., Jack & Heintz, Inc., Cleveland, Ohio. 

Heintze, Arthur Louis (’23; 34) (EANSJL), 
Staff Engr., Sinclair Refining Co., 630—5th Ave., 
New York 20, N.Y.; for mail, 8 McKnight Lane, 
Clayton 5, Mo. 

Heinz, Winfield Bernard (’30; *39) (ZLTKBA), 
Middlebrook Rd., Bound Brook, N.J. 

Heinze, William A. (°33; 735) (CDL), 4415 Alta 
Canyada Rd., La Canada, Calif. 

Heisler, Robert Walter (J’44) (HBNMY), Re- 
search Engr., Johns-Manville Corp., Manville ; 
for mail, 523 Winsor St., Bound Brook, N.J. 

Heisserman, Robert E. (J’40) (D), Engr., Export 
Div., Link-Belt Co., 233 Broadway, New York 7, 


INR 

Heitz, Robert L, (J’32) (FJ), Lt, U.S.N.R., 
Naval Inspr., U.S.N., Field Prod. Div., Naval 
Inspector’s Office, Todd Shipyard, Hoboken, N.J. 

Helander, Linn (’16; ’24) (SKEBFA), Manager, 
39-42, Vice-President, 45-46; Prof. & Head, 
Dept. of Mech. Engrg., Kansas State College, 
Manhattan, Kan. 

Helbig, Robert Walter (J’37) (EJSYDB), Indus. 
Serv. Rep., Stand. Oil Co. of Ind., 205 Janes St., 
Saginaw; for mail, Box 403, Bay City, Mich. 

Helbush, William Walker ('28;°35) (HBSA), 
Mech. Engr., Charge Design, San Francisco Pub. 
Utilities Comm., 425 Mason St., San Francisco 1, 
Calif. 
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HEMMAN 


Heldack, John Martin (J’40) (AKBHO), Sales 
Engr., Gen. Elec. Co., 212 N. Vignes St., Los 
Angeles, Calif. 

Heldmann, Ernest John (J’38) (BOM), 27 King 
St., Hartford 6, Conn, 

Helfter, Franklin 8. (’34) (SOFKED), Asst. 
Supt., CO. R. Huntley Stas., Buffalo Niagara Elec. 
Corp., 585 Washington St., Buffalo 3, INDY 

Helin, Walter Engleberthe (J’45) (KHOF), 
Engrg. Asst. to Direct Sales, Carrier Corp., 405 
Lexington Ave., New York 17, N.Y.; for mail, 
684 Chestnut Ave., Teaneck, N.J. 

Hella, Robert (J’35) (SCLZFE), Power Engr., 
Combined Locks Paper Co., Combined Locks, Wis. 

Hellekson, Owen Hellek (J’44) (ZKF), Sales 
Engr., Minneapolis-Honeywell Regulator Co., 35 
Webster St., Hartford, Conn, 

Hellenberg, Clare Ernest (J’41) (HAM), Jr. 
Engr., Vickers, Inc., 1400 Oakman Blvd., Detroit 
82; for mail, 20085 Rosemont, Detroit 19, Mich. 

Heller, Edgar W. (’23) \(HCB), Pres., Lecourte- 
nay Co., 5 Maine St., Newark 5, N.J. 

Heller, Elmer W. (J’43), Project Engr., Stratos 
Corp., 122-126 W. Main St., Babylon; for mail, 
724 Mador Court, Far Rockaway, L.I., N.Y. 

Heller, Harold P. (J’37) (YZJKL), 7631 W. 
Berwyn Ave., Chicago, Il. 

Heller, Lewis W. (’18; 23; ’35) (SFK), Engr., 
Babcock & Wilcox Co., 85 Liberty St., New York 

Heller, M. Mendell (24; ’35; 35), United Gas 
Pipe Line Co., Box 1407, Shreveport, La. 

Heller, Milton (J’42), Lt., 70th Ferrying Sqd., 
Berry Field, Nashville, Tenn. 

Heller, Paul R. (J’38) (BNSCKJ), Mech. Engr., 
Westinghouse Elec. Corp., East Pittsburgh; for 
mail, Pennsylvania Ave. Ext., Irwin, Pa. 

Heller, William E, (J’41) (ABM), Lt., 878th 
Bomb Sqd., 499th Bomb Gp., A.P.O. 237, ¢/o 
Postmaster, San Francisco, Calif. 

Helliwell, Wilfred (J’39), 25 Horse Shoes Lane, 
Sheldon, Birmingham 26, England, 

Hellman, Wilbert M. (J’41), Lt. (j.g.), ¢/o Dir. 
of Philippine Bur., Coast & Geodetic Survey, 
Manila, P.I. 

Helm, John Leslie (J’45), 106 Morningside Dr., 
New York 27, N.Y. 

Helm, Paul F, (788) (CEFKS), Asst. to Y.P., 
Indianapolis Power & Light Co., 17 N. Meridian 
St., Indianapolis 6; for mail, 4760 Washington 
Blvd., Indianapolis 5, Ind. 

Helmer, Clifford Andrew (J’42) (AMC), Ensign, 
U.S.N.R., Div. Head, Aircraft Maint., Bachelor 
Caer Quarters 153, Naval Air Sta., Glenview, 


Helmer, Nicolas Arthur (’18) (LOMKZS), Hel- 
mer Co., Box 54, Plainfield, N.J. 

Helmick, Walter E, (’20;’24;’35) (BHES), 
Student Award, ’19; Sr. Engr., Exploitation 
Dept., Shell Oil Co., Inc., 1008 W. 6th St., Los 
Angeles 14; for mail, 920 Roxbury Rd., San 
Marino 9, Calif. 

Helmig, Ralph Henry (’45), M.M., Eicor, Inc., 
1501 W. Congress St.; Chicago; for mail, 2624 
N. Harding Ave., Chicago 47, ll. 

Helmrich, George Bernard ('41) (CSO), Schedule 
Engr., Constr. Engrg., Detroit Edison Co., 2000— 
2nd Ave., Detroit ’26 ;for mail, 32920 Lahser Rd., 
R.R. 5, Birmingham, Mich. 

Helmstaedter, William Edward (15) (YL), 
Mech. Engr., Plastics Div., Celanese Corp. of 
Am., 290 Ferry St., Newark 5; for mail, 46 St. 
Paul Ave., Newark 6, N.J. 

Helpbringer, James N. ('17;721) (SEKO), Ch. 
Elec. Engr., City Ice & Fuel Co., 3638 Olive St., 
St. Louis; for mail, 512 Tuxedo Blyd., Webster 
Groves 19, Mo. 

Helquist, John E. (J’35) (HKS), ¢/o Naugatuck 
Chem. Co., Naugatuck, Conn. 

Heltzel, William G. ('24; 35) (BCEH), Exec. 
V.P., Stanolind Pipe Line Co., Box 591, Tulsa 2; 
for mail, Ambassador Hotel, 7 W. 14th St., Tulsa, 
Okla. 

Helvig, William J, (J’41), Turbine Mechanic, 
Gen, Elec. Co., Philadelphia ; for mail, 647 Alter 
St., Hazleton, Pa. 

Helwig, Alfred (’16) (SROFER), Ch. Engr., Bush 
Terminal Co., Foot of 43rd_St., Brooklyn 32; 
for mail, 176 Winthrop St., Brooklyn 25, N.Y. 

Hem, Eilif Sigurdsen (J'19) (SHEF), Serv. & 
Erection Engr., Allis-Chalmers Mfg. Co., 50 
Church St., New York 7; for mail, 702—45th 
St., Brooklyn 20, N.Y. 

Hem, H. 0. (09), Ch. Engr., Toledo Seale Co. ; 
for mail, 3009 Kenwood Blvd., Toledo, Ohio. 

Hembree, Paul Pittman (J’43) (ABC), 
Avenel Ave., Nashville 11, Tenn. 

Hemenway, Henry H. (J’41) (SKFLJH), Asst. 
to Dir. of Engrg., Foster Wheeler Corp., 165 
Broadway, New York 6, N.Y. 

Hemenway, Seymour H, (’23; ’35) (BSOAJN), 
Supvr. of Sub-Contrg., Westinghouse Elec. Corp., 
Lester Branch P.O., Philadelphia 13; for mail, 
610 Strath Haven Ave., Swarthmore, Pa. 

Hemingway, Everard Luther (’44), 4125 Yuma 
Dr., Madison, Wis. 

Hemman, Robert Edgar (J’42), (SKFZ), Tech. 
Engr., Boston Edison Co., 39, Boylston St., Bos- 
ae for mail, 171 Florence St., Roslindale 31, 

ass. 
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HEMPEL 


Hempel, Edward H. (’41) (ODL), Asst. Prof., 
ee Engrg. Dept., Columbia Univ., 116th St. 
& Broadway, New York, N.Y. 

Hempel, Herbert W. (732; 742) (BCMJNO), 
Mech. Engr., Marsh Stencil Mch. Co., 707 E. B 
St.; for mail, Box 150, Belleville, Ill. 

Hemsarth, John Henry, III (J’40) (SON), Lt. 
(Eng.), U.S.N.R., Bur. ae spine Navy Dept., 7 
Aberdeen Pl., Woodbury, N. 

Henderer, Willard Everett, II (J’43) (MSK), 
Jr. Mech. Engr., A. L. Henderer’s Sons, Wilming- 
ton 55; for mail, 1213 Delaware Ave., Wilming- 
ton 19, Del. 

Henderson, Bruce Doolin (J’43) (CAJMY), Pur. 
Agt., Westinghouse Elec. Oorp., 95 Orange St., 
Newark 1; for mail, 14 Reeve Circle, Millburn, 


N.J. 

Henderson, Claude Earl (’45) (BEFKS), Mar. 
Surveyor, U.S. Maritime Comm., War Shipping 
Admin., Rm. 911, 89 Broadway, New York 6; 
for mail, 97 Elm St., Staten Island 10, N.Y. 

Henderson, Curtis L. (’23) (CE), Pres., Vickers 
Petroleum Co., 201 Wheeler Kelly Hagny Bldg., 
Wichita, Kan. 

Henderson, Douglas (’81) (SFEO), V.P., Fuel 
Engrg. Co. of N.Y.; Mem. of Firm, Gould, 
Henderson & Brunjes, 215—4th Ave., New York 


SEN 

Henderson, Edgar Frank (J’48) (KECY), 1828 
W. Riverside Ave., Spokane 9, Wash. 

Henderson, Frederick Robert (J’42) (CMD), 
Assoc. Prof. Indus. Engrg., Northeastern Univ., 
Boston 15, Mass. 

Henderson, George Andrew (J’40) (JMNGLC), 
Asst. Prof. Mech. Engrg. Engrg. Hall, Vander- 
bilt Univ., Nashville 4, Tenn. 

Henderson, George Louis (742) (HKLZ), Engr., 
West. Gear Works, 417—9th Ave. S., Seattle 4; 
for mail, 312—31st Ave., Seattle 22, Wash. 

Henderson, George T. (380; 741) (OMDNBL), 
Plant Mgr., Hinde Serre Paper Co., 5110 
Penrose St., St. Louis 15, Mo. 

Henderson, Gordon Kenneth (J’44) (KMNHCD), 
Process & plan eRe ne one Optical Co., Me- 
chanic St., Southbridge, Mass. 

Henderson, Henry Hardy (J’45) (BKHLS), 
Struc. Design Engr., Austin Co., 16112 Euclid 
Ave., Cleveland 12, Ohio. 

Henderson, Herbert (’14;'16) (EL), V.-P., 
Engrg. Dept., Gulf Oil Corp., Box 1166, Pitts- 
burgh 80, Pa. 

Henderson, Jack akan Oe) (COMO), 611 
Homestead Ave., Peoria 3, : 

Henderson, Jas. Mashburn (J’42) (JMBONC), 
Design Engr., West Fabricating Plant, Aluminum 
Co. of Am., Alcoa; for mail, 298 Gamble St., 
Maryville, Tenn. 

Rrondersos: John Robinson (733; 743) (BES), 
Aircraft Gas Turbine Engrg. Div., Gen. Elec. 
Co., 920 Western Ave., Lynn; for mail, 9 Sheri- 
dan Rd., Swampscott, Mass. 

Henderson, Robert Dale (J’39) (BKN), Engr., 
Design Sec., Puget Sound Naval Shipyard; for 
mail, Apt. A, 934 Highland, Bremerton, Wash. 

Henderson, Robert H. (’07), Mgr., Henderson 
Elec. Co., Ampere; for mail, 181 Greenwood 
Ave., East Orange, N.J. 

Henderson, Robert William (J’37) (BKNYAH), 
Leader, Engrg. Gp., War Dept. Contract, Univ. 
of Calif., Box 1663, Santa Fe, New Mex. 

Hendrich, Henry Alfred (J’30) (BNR), Mech. 
Designer, Internatl.. Business Mchs. Corp., North 
St.; for mail, 512 South St., Endicott, N.Y. | 

Hendrick, Wallace M. (J’12), Pres., Atlantic 
Concrete Pipe, Inc., W. John St.; for mail, Box 
247, Hicksville, N.Y. 

Hendrickson, Elmer L, (’44), Sears, Roebuck & 
Co., 3625 E, 15th St., Kansas City; for mail, 
717 E. 71st Terrace, Kansas City 5, Mo. 

Hendrickson, G. A. (’26;’32; ’35), Dean, College 
of Engrg., Lawrence Inst. of Tech., Highland 
Park; for mail, 7500 Normile, Dearborn, Mich. 

Hendrickson, George S. (’20; ’35) (ZSNC), V.P., 
Republic Flow Meters Co., 2240 Diversey Blvd., 
Chicago 47, Ill. 

Hendrickson, Ole Quist (J’35) (ODKO), 
shine Ave., Hydes, Md. 

Hendrickson, Robert Leroy (J’42) (ABSEHR), 
Engr., Turbine Div., Gen. Elec. Co., 1 River Rd., 
Schenectady ; for mail, 21 Concord St., Scotia 2, 
NEY 


Hendrie, Charles Francis (’21;’29;’85) (SK 
LC), Mgr., Condenser & Ejector Sec., Steam 
Power Div., Worthington Pump & Mchy. Corp., 
Harrison, N.J. 

Hendrix, Houston William (’44) (CEFS), V.P., 
Mackenzie Engrg. Co., Broad St. Sta. Bldg., 
Philadelphia 3; for mail, 148 Trent Rd., Phila- 
delphia 31, Pa. 

Hendry, Wickliffe B. (J’40), Mech. Engr., Univ. 
of Minn., Minneapolis; for mail, Box 101, Ex- 
celsior, Minn. 

Heneghan, Sherald F, (J’46), Design Engr., 
Stand. Oil Co. (Ind.); for mail, 451 Hamilton 
Ave., Wood River, Ill. 

Henke, Werner (J’38) (CE), Henke Engrg. Co., 
Box 754, Lafayette, La. 

Henley, Knowles H. (J’39), West. Elec. Co., 
Ine.; for mail, 1704 Homestead Ave., Atlanta, 


Ga. 

Henn, Russell M. (J’43) (EKS), 43 Oak St., 
Yonkers, N.Y. 

Hennessey, Woodrow Lawrence (J’42) (FKS), 
Lt., Corps of Engrs., 8th Engr. Sqd., A.P.O. 201, 
c/o Postmaster, San Francisco, Calif.; for mail, 
471—44th St., Brooklyn, N.Y. 


Sun- 


Hennig, Fritz Otto (’34;’45) (BSNKEH), Ch. 
Designer, Research Dept., Elliott Co., Jeannette ; 
for mail, R.D. 8, Greensburg, Pa. 

Hennigan, Francis A. (’42) (CLMO), Indus. 
Engr., Universal Atlas Cement Co., 135 E. 42nd 
St., New York, N.Y. 

Henning, H. Clay (’25) (SFH), Div. Engr., 
Charge Pumping Water, St. Louis Water Div., 
1640 S. Kingshighway, St. Louis 10, Mo, 

Henninger, Frederick Albert (’48) (AJP), Ru- 
lane Tank Co., Box 29, Charlotte 1, N.O. 

Henninghausen, Louis Kemp (J’40) (ACS), Maj., 


Hdq., 2nd Bn., 409th Inf., A.P.O. 470, c/o 
Postmaster, New York, N.Y. 
Henofer, John P, (’20) (SF), Mech. Engr., 


Ebasco Internatl. Corp., 2 Rector St., New York 
8. N.Y.; for mail, 104 Wood St., Rutherford, 
J 


Henriksen, Paul F, (J’45) (CJM), 1024 N. 
Lawler Ave., Chicago 51, Ill. 

Henrikson, Karl G. (J’40) (BCMNS), Lub. Engr., 
Socony-Vacuum Oil OCo., Inc., Hanna Bldg., 
Cleveland 15; for mail, 8254 Berkeley Ave., 
Cleveland Heights 18, Ohio. 

Henrikson, Wm. (J’36), Design Engr., Keystone 
Mfg. Co., 151 Hallet St., Boston; for mail, 35 
Ponkapoag Way, Canton, Mass. 

Henry, Alex. S., Jr. (’16;’25; ’35), Estimator, 
Brunswick-Kroeschell Co., 203 Fulton St.; for 
mail, 300 Central Park West, New York, N.Y. 

Henry, Howard J. (J’87) (BES), Design Engr., 
Chicago Pneumatie Tool Co.; for mail, 305—8th 
St., Franklin, Pa. 

Henry, Jacob Schermerhorn (’48), Megr., New 
England Dist., Safety Car Htg. & Ltg. Co., 230 
Park Ave., New York, N.Y. 

Henry, John Adams (’45) (SCEM), Assoc. in 
Mech. Engrg., Univ. of Ill., 205 Mech. Engrg. 
Lab., Urbana, III. 

Henry, Jos. S, (’11), Cons. Engr., Austral Malay 
Tin Dredging Ltd.; for mail, Barrington, Har- 
greaves St., Castlemaine, Victoria, Australia. 

Henry, Otto H. (’20;’25;’35) (BJL), Assoc. 
Prof. Metal. Engrg., Poly. Inst. of Brooklyn, 99 
Livingston St., Brooklyn, N.Y. 

Henry, Wm. M. (J’17), Ch. Oper., Waterside 
Stas., Consltd. Edison Co. of N.Y., Inc., 666— 
Ist Ave. ; for mail, 800 Central Park West, New 
York, N.Y. 

Hense, John A. (A’42) (EHK), Rm. 417-E, 30 
Church St., New York, N.Y. 

Hensel, Frank Gerard (’42) (BHKZ), Ch. Cen- 
trifugal Test Engr., Carrier Corp., 300 S. Geddes 
St., Syracuse 1; for mail, Manlius Rd., Fayette- 


ville, N.Y. 

Henseler, William James (J’36) (LO), Lt. 
(j.g.), U.S.N.R., U.S.S. Vogelgesang, DD-862, 
F.P.0., New York, N.Y.; for mail, 80 Cooper 
Pl., Weehawken, N.J. 

Henshall, P. P. (’15;’20;’35), Centre Hall, Pa. 

Henshaw, Charles Norton (’26;’35) (NBSEJ), 
Research, Design Engr., Pal Blade Co., Ine., 
ae River St.; for mail, Box 304, Plattsburgh, 

Hensinger, Claude E, (J’46), 1349 Turner St., 
Allentown, Pa. 

Henslee, Homer Elbert (J’44) (OCL), Contract 
Engr., Foster Wheeler Oorp., 165 Broadway, 
New York 6; for mail, 56-49—141st St., Flush- 
ing, N.Y. 

Henszey, Roy 0. (’17;’35) (CKLS), Ch. Engr., 
Carnation Oo.; for mail, 115 Woodland Lane, 
Oconomowoc, Wis. 

Henwood, George Lee (J’42) (EFK), Ensign, 
O-V (S), U.S.N.R.; for mail, Syracuse, Ind. 

Henwood, James B. (’34;’42) (AFL), Devel. 
Engr., Selas Corp. of Am., Erie Ave. & D St., 
Philadelphia; for mail, 301 Kent Rd. Bala- 
Oynwyd, Pa. 

Henze, Otto C. W. (MNWYZ), Cons. Engr., 

' Designer, 601 W. 148th St., New York 31, N.Y. 

Henze, Philip 8S. (J’41) (AOR), Liaison Engr., 
Hamilton Stand. Propellers Div., United Air- 

400 §. Main St.; for mail, 119 
Naubue Ave., East Hartford 8, Conn. 

Hepburn, James William (J’29) (EHS), Appli- 
cation Engr., Worthington Pump & Mchy. Corp., 
Harrison; for mail, 52 Edgar Pl., Nutley, N.J. 

Hepburn, Norman Clickner (’43) (EFS), Chief, 
Plumbing & Refrig. Sec., Asst. to Chief of Engrg. 
Sub-Div., Constr. Serv., U.S. Veterans Admin. ; 
ee 1610 Webster St., N.W., Washington, 


Hepke, Wm. C. (’30) (CGL), Ch. Engr., Thomas 
M. Royal & Co., 5800 N. 7th St., Philadelphia ; 
for mail, 1407 Dorset Lane, Overbrook Hills, Pa. 

Heppenheimer, Herman (J’34), Pvt., 18th Inf., 
U.S.A., Ft. Jackson, §.O. 

Herb, Charles Oliver (’28;’85) (MJC), Manag- 
ing Editor, Machinery, 148 Lafayette St., New 
York 13, N.Y. 

Herb, James Hamilton (J’42) (DFBSLN), De- 
sign & Application Engr., Pa. Crusher Co., 
Liberty Trust Bldg., Philadelphia; for mail, 
1415 Navahoe Dr., Pittsburgh 16, Pa. 

Herbert, Arthur Royland (’44) (BNSJDK), Dist. 
Mer., Philadelphia Gear Works, Ine., 111 W. 
Washington St., Chicago 2; for mail, 818 S. 
Delphia Ave., Park Ridge, Ill. 

Herbert, Charles Graham (’00) (YNOE), Re- 
tired; 2659 N. Tanoble Dr., Altadena, Calif. 
Herbert, Frederick Davis (’99;’07; F’41) (A), 
Sr. Partner, Kearfott Engrg. Co., 117 Liberty 

St., New York 16, N.Y. 

Herbert, James Stewart (J’44) (ODM), Pvt., 

811 N. Main St., Milltown, N.J. 
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Herbert, Leslie Elmer (’30;’42) (CMNSKB), 
1512 Pentridge Rd., Baltimore 12, Md. 

Herbst, Robert See (J’43) (CKHMGA), Design 
Engr., Product, Gen. Elec. Co., 5 Lawrence St., 
Bloomfield, N.J. 

Hering, Harold E, (J’41) (MNJC), Ensign, 
U.S.N.R., U.S.S. Salerno Bay, CVE-110, F.P.O., 
New York, N.Y.; for mail, 2715 W. 28rd Pl., 
Chicago 8, Ill. 

Hering, Henry Hall (J’41) (NBAG), Mech. De- 
sign Engr., Gen. Elec. X-Ray Corp., 2012 W. 
Jackson Blvd., Chicago 12; for mail, 1633 E, 
83rd St., Chicago 17, Ill. 

Herkimer, Harold (J’42) (SEKFOH), Project 
Mgr., Design Engr., Raisler Corp., 129 Amster- 
dam Ave., New York 23; for mail, 140 River- 
side Dr., New York 24, N.Y. 

Herkimer, Herbert (’43) (CEFKLM), Ch. Engr., 
Herkimer Engr. Associates, 140 Riverside Dr., 
New York, N.Y. 

Herking, Paul William (J’43) (SOMEJ), 1st 
Lt., Ord. Dept., Ravenna Arsenal, Apco; for 
mail, 4300—84th Ave., Cincinnati 9, Ohio. 

Herlin, Robert G. (J’38) (LBNJCH), Sad. 
Leader, Engrg. Dept., Tex. Co., Box 712, Port 
Arthur, Tex. 

Herman, E, Olney (’22;’35), V.P., Mgr., Tiffany 
Enameled Brick Oo., Box 41; for mail, Box 82, 
Momence, II. 

Herman, Kenneth Ray (’44) (HNASBM), V.P., 
Gen. Mgr., Vickers, Inc., 1400 Oakman Blvd., 
Detroit 82, Mich. 

Herman, Rudolph Vincent (’45) (CDO), Mech. 
Engr., Briggs Mfg. Oo., 11631 Mack, Detroit 
14; for mail, 33524 Jefferson St., St. Clair 
Shores, Mich. 

Herman, Sydney Keith (J’45) (MDOWYB), 61 
Lyndhurst Ave., Toronto, Ont., Can. 

Herman, T, August (J’38) (HMS), Test Engr., 
Worthington Pump & Mchy. Corp., 401 Worthing- 
ton Ave., Harrison; for mail, 15 Myrtle Ave., 
Newark, N.J. 

Hermann, Clarence Carl (’43) (CDMNO), Cons. 
Engr., 1342 Harvard Rd., Grosse Pointe Park 
30, Mich. 

Hermann, Philip (J’45) (NHKJZL), Lt., U.S.N.; 
621 N. Poinsettia Pl., Los Angeles 86, Calif. 
Hermes, Richard Manning (’46) (BGO), Asst. 
Prof., Univ. of Santa Clara, Santa Clara, Calif, 
Hermes, W. Dan (J’41) (CMJND), Lt. Comdr., 
U.S.N.R., Project Engr., Bur. of Ord., Navy 
Dept., Naval Ord. Plant, Center Line, Mich.; 

for mail, 8315 N. Chatham St., Janesville, Wis. 

Hernandez A, Roberto Cesar (J’43) (BRS), 
Oficina de Talleres, FF. CO. Nales-Pacffico, Chi- 
pichape, Cali, Valle, Colombia, S.A. 

Herndon, Luther Joe, Jr. (J’46) (JP), Box 966, 
Duncan, Okla, f 

Herndon, Lyle Kermit (’44) (LHKFCD), Assoc. 
Prof. Chem. Engrg., Ohio State Univ., Columbus 
rat for mail, 2303 Onandaga Dr., Columbus 8, 

io. 

Hernried, Erwin George (J’42) (KHLBSJ), 
Engr., Golden State Co., Ltd., 425 Battery St., 
San Francisco 11, Calif. 

Herod, Wm, R. (J’20), 570 Lexington Ave., New 
York, N.Y. 

Herold, Richard (J’41) (ESRTAB), Pres., Sulzer 
ee Ltd., New York, 50 Church St., New York 

Herr, Benjamin Musser (’15) (HKOS), Owner, 
Herr-Harris Co., 545 William Penn Pl., Pitts- 
burgh 19, Pa, 

Herr, Frederick Williams (J’42) (CLM), 3138 
W. 7th St., Auburn, Ind. 

Herr, John Alexander (’45) (DOBN), Asst. Ch. 
Bridge & Tramway Engr., Am. Steel & Wire Co., 
Box 1709, New Haven 7; for mail, 51 Spring 
Garden St., Hamden, Conn. 

Herr, John G, (J’40) (AGO), 322 Pine St., Mid- 
dletown, Pa. ; 

Herr, Wm. A, (’22; ’28) (FLS), Sr. Engr., Phila- 
delphia Elec. Oo., 900 Sansom St., Philadelphia 
5; for mail, 122 Tyson Ave., Glenside, Pa. 

Herrick, Carl Albert (’12) (BNWY), Prof. Math. 
& Mechanics, Univ. of Minn., Minneapolis 14; 
for mail, 4324 W. 44th St., Minneapolis 10, Minn, 

Herrick, Daniel A, (’15;’19;’24) (CSZ), Mgr., 
Sales,. d’Este Div., Am. Chain & Cable Oo., 
Tulpehocken St., Reading; for mail, 1427 Cleve- 
land Ave., Wyomissing, Pa. 

Herrick, Edson P. (’18;’20;’35) (ODJLMN), 
Sales, Stevens Engrg. Co., 7 S. Main St., West 
Hartford; for mail, R.F.D. 2, Manchester, Conn. 

Herrick, Gerard Post (’39) (A), Pres., Verto- 
pe Devel. Corp., 25 E. 76th St., New York 21, 


Herrick, Robert William (J’42) (BDH), 625 
W. Hillcrest, Monrovia, Calif. 

Herrick, Thomas J, (J’36) (AB), Asst. Prof. Aero. 
Engrg., Purdue Univ., Lafayette, Ind. 

Herrmann, Edward Matthew (J’45) (YOCKMD), 
Lt., U.S.N.R., S(E1), David W. Taylor Model 
Basin, Carderock; for mail, 5104 Eugene Ave., 
Baltimore, Md. 

Herrmann, John F, (’18;’22; 85), Plant Mer., 
Mech. Engr., Herrmann & Grace Co., 671-89 
Bergen St., Brooklyn; for mail, Box 402, Bright- 
waters, L.I., N.Y. 

Herron, James Hervey (’97;’05; 7°36) (FHJL 
SY), Manager, ’22-’25, Vice-President, ’34-’36, 
President, ’37; Pres., James H. Herron Oo., 1360 
W. 8rd St., Oleveland 18, Ohio. 
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Herron, William L. (’21;’32) (HNZO), Sales 
Engr., Worthington-Gamon Meter Co., 296 South 
St., Newark 5, N.J.; for mail, Box 234, Oswego, 


NY. 

Herschmann, Arthur J. (’00;’05) (OJS), Mech. 
Engr., A. J. Herschmann, 50 Church St., New 
WORK, IN. Xs 

Hersey, Donald Samuel (’45) (ABCEKS), Engrg. 
Asst. to Chief of Devel., Pratt & Whitney Aircraft 
Div., United Aircraft Corp., 400 8. Main St.; 
a mail, 160 Holland Lane, East Hartford 8, 

onn, 

Hersey, Mayo Dyer (’12; ’14; 719; F’38) (BKNM 
JZ), Research Assoc., Mech, Engrg., Bldg. 81, 
Mass. Inst. of Tech., Cambridge 89, Mass. 

Hershey, Albert Eby (’44) (KEFABH), Research 
Engr., Research Labs., Westinghouse Elec. Corp., 
East Pittsburgh, Pa. 

Herst, Richard Jacob (J’45) (BKN), Devel Engr., 
§.A. Platt, 825 W. Huron St., Chicago 19; for 
mail, 1926 Berteau Ave., Chicago 18, Ill. 

Herstedt, Harold B. R. (J’43) (ABHNSQ), Mech. 
Engr., Constr. Sec., Ames Aero. Lab., Natl. Advis. 
Com, for Aero., Moffett Field; for mail, 2521 
Wilbur St., Oakland 2, Calif. 

Hertel, Crawford W. (J’40) (AMYSC), 221 
Center St., East Lansing, Mich. 

Hertenstein, Edgar William, Jr, (J’42) (MO), 
Engr., West. Elec. Oo., Inc., 2500 Broening High- 
way, Baltimore 24, Md. 

Herty, Frank B. (’32;’85) (BLS), Prof. Mech. 
Engrg, Univ. of 8.0.; for mail, 814 Poinsettia 
Rd., Columbia 50, 8.C. 

Hertz, David Bendel (J’48) (MOJKO), Devel. 
Engr., Celanese Corp. of Am., 290 Ferry St., 
Newark 5, N.J.; for mail, 410 EB. 57th St., New 
York 22, N.Y. 

Hervey, Eugene (’87; 45) (OJOSLM), Ch. Engr., 
‘ae Smelting Co., 6700 Grant Ave., Cleveland 
6, io. 

Herwald, Seymour Willis (J’89) (ABZLSO), 
Cent. Engr., Devel., Westinghouse Elec. Corp., 
Braddock Ave., East Pittsburgh; for mail, 6557 
Hobart St., Pittsburgh 17, Pa. 

Herzfeld, Siegfried L. (J’45) (ZKBOHN), 815 
W. 106th St., New York 25, N.Y. 

Herzog, Al. R. (J’40), Asst. Supt., Kettle River 
Co., Edwardsville, Il. 

Herzog, John Henry (’87) (BEFOS), Ch, Engr., 
San Francisco Brewing Corp., 490—10th St., San 
Francisco, Calif. 

Herzog, Michael 8. (J’88), 817 W. 89th St., New 
York, N.Y. 

Hescheles, Charles A. (’25; ’82; 85) (SFELZK), 
Mech. Engr., U.S. Rubber Co., 1230—6th Ave., 
New York 20; for mail, 1710 Ave. K, Brooklyn 


80, N.Y. 

Heslop, Paul Loveridge ‘eo (HJBE), Tyd. 
Engr., Ebasco International Corp., Caixa Postal 
883, Rio de Janeiro, Brazil, S.A. 

Hess, Ernest Elliott (17; ’25;’35) (BJNOWY), 
Route 8, Lufkin, Tex. 

Hess, Frederie Otto (’45) (KISNOMO), Pres., 
Sales Corp. of Am., Erie Ave. & D St., Philadel- 
phia 84; for mail, Kenilworth, Philadelphia 44, 


Pa, 

Hess, John R, (J’87) (ARNYCG), Designer Drafts- 
man, Edw. G. Budd Mfg. Co., Red Lion & Veree 
Rds., Philadelphia; for mail, 880 Carver St., 
Philadelphia 24, Pa. 

Hess, John Strider (’27) (KHSEFD), Ch. Engr., 
Refineries, Sinclair Refining Co., 6830—bth Ave., 
New York 20, N.Y. 

Hess, Paul Dale (J’37) Engr., Hyd. Dept., Allis- 
Chalmers Mfg. Co., Milwaukee, Wis. 

Hess, Robert Graves (J’43) (CDR), Dir. of 
Wages, Methods & Budget, N.Y. Air Brake Oo., 
Starbuck Ave. ; for mail, 630 Sherman St., Water- 
town, N.Y. 

Hess, Robert Joseph (J’42) (KLS), Ensign, Naval 
Air Sta., Junior Officers’ Quarters 175, Sand 
Point, Seattle, Wash.; for mail, 1 Frothingham 
Ave., Jeannette, Pa. 

Hess, Stanley E. (J’88) (CMBDS), Lunkenheimer 
Oo., Cincinnati 14; for mail, 5118 Paddock Rd., 
Cincinnati 29, Ohio. i 

Hess, Walter John, Jr, (J’45) (ZLEJW), Asst. 
Engrg. Officer, U.S.S. Charles Lawrence, APD-87, 
¥.P.0., San Francisco, Calif. 

Hess, William Boyer (’44) (HSJBEO), Test 
Engr., Safe Harbor Water Power Oorp., R.D. 2, 
Conestoga, Pa. 

Hesse, Walter Kasper (J’40) (BJM), 95 Hilton 
Ave., Maplewood, N.J. 

Hessellund, Regnar (’30;’87) (BES), Ch, Power 
Plant Engr., Cerro de Pasco Copper OCorp.; for 
mail, Hotel Junin, Oroya, Peru, S.A. 

Hession, John William, Jr, (’48), Research 
Engr., Columbia War Research, Natl. Defense Re- 
search Com,, 668 Chandler, Columbia Univ., New 
York, N.Y.; for mail, Edgehill Rd., Darien, Conn, 

Hesslein, Robert Jacques (J’45) (NMCDS), Wn- 
sign, D (L), U.S.N.R., U.S.S. Puget Sound, CVE- 
118, F.P.0., San Francisco, Oalif.; for mail, Box 
645, Montgomery 1, Ala. 

Hestand, Rue 8. (J’37) (CEMN), Asst. Ch, Engr., 
ed Mfg. Co. of Tex., Box 710, Ft. Worth 1, 

eX. 

Heston, Robert B. (J’39), 1st Lt., Inf., U.S.A., 
ee B, 1218th Reception Center, Ft. Niagara, 


Hetherington, Carl Frederick (’42) (DJ), Drafts- 
man, Alvey Conveyor Mfg. Co., 8201 8. Broadway, 
St. Louis 18, for mail, 5648 Bartmer Ave., St. 
Louis 12, Mo. 


Hetherington, Irvine J, (J’48) (LYKZO), U.S. 
Navy; 640 Locust St., Bristol, Pa. 

Hettinger, Carl (J’89) (HKS), Lt., U.S.A., Camp 
Blanding, Starke, Fla.; for mail, 2608 Goodwood 
Rd., Baltimore 14, Md. 

Hettinger, Charles (’82;’85) (CDLMNS), Plant 
Engr., Horn & Hardart Co., 600 W. 50th St., 
New York, N.Y.; for mail, 1208 The Strand, West 
Englewood, N.J. 

Hettrick, Ames Bartlett (’84;’'85) (OLSD) 
Works Mgr., Caleo Chem, Div., Am. Cyanamid 
Co., Piney River, Va. 

Hetzel, Lowell Hayward (J’84) (FDOMJ), Sup- 
ply Supt., Stand. Lime & Stone Co., Millville, 
V.V 


W. Va. 

Hotzel, Theodore Brinton (’29;’87) (HNLSOA), 
Asst, Prof., Haverford College; for mail, 768 
Jollege Ave., Haverford, Pa. 

Heumann, John P, (’82; 785) (NMJBLY), Devel. 
Engr., Remington Arms Co,, Inc., 989 Barnum 
Ave., Bridgeport 2; for mail, 128 Smith St., 
Wairfield, Conn. 

Houser, Fred (’88; 745) (BOHM), Devel. Engr., 
Sterling Eng. Co., 1270 Niagara St.; for mail, 
72 Delham Ave., Buffalo, N.Y. 

Heuser, Henry Vogt (J’86) (OMSI), V.P., Henry 
Vogt Mch. Co., Louisville 10, Ky. 

Heverly, Earl L, (’87) (BOM), Gen. Mgr., Nor- 
ton Door Closer Co., 2900 N. Western Ave., Chi- 
cago 18, Ill. 

Hewey, Robert Warren (J’40) (BOMN), Mech. 
Engr., Singer Mfg. Co., 808 E, Washington Ave. ; 
for mail, 195 Shelton St., Bridgeport 8, Conn. 

Hewitt, Arthur R. (J’40) (CNMG), Ord. Engr., 
Frankford Arsenal, Bridge St. & State Rd., Phila- 
delphia 87; for mail, 6208 Erdrick St., Philadel- 
phia 35, Pa. 

Hewitt, Edward R. (’18) (EFP), Cons, Engr., 
48 Gramercy Park, New York 10, N.Y. 

Hewitt, Ellis Eberle (’44) (NRAHMZ), Ch. 
Engr., Westinghouse Air Brake Co., Wilmerding, 


Pa. 

Hewitt, Frederick McCracken (745) (NOM), Dist. 
Engr., Bijur Lub. Oorp., 4801—22nd St., Long 
Island City 1, N.¥.; for mail, 84016 Oakland 
Rd., Farmington, Mich, 

Hewitt, George Edward (J’43) (ONYBJM), De- 
sign Wngr., Radar Div., Gilflllan Bros., Inc., 1815 
Venice Blyd., Los Angeles 6; for mail, 1011-B 
Western Ave., Glendale 1, Calif. 

Hewitt, John Vance, Jr. (J’39) (CA), Lt. Comdr., 
U.S.N.R., U.S.S. White Marsh, F.P.0., New 
York; for mail, 970 Park Ave., New York 28, 


awe 

Hewitt, Reginald William (J’27) (OMDBJY), 
c/o Automatic Tel. & Elec, Oo., Ltd., Liverpool 
7, England. 

Hewitt, William Barker (20) (OMNY), Devel. 
Engr., North & Judd Mfg. Co.; for mail, 15 Em- 
mons Pl., New Britain, Conn. 

Hewitt, William Henry (J’37) (OJS), Direct 
Bngrg. & Wactory Rep, (Wield), Jas. Morrison 
Brass Mfg. Co., Ltd., 276 King St. W., Toronto 
2; for mail, 11 Abbott Ave., Islington, Ont., Can. 

Hewlett, Allen Morton (J’41) (MGKLSZ), Fac- 
tory Supt., Hutchinson Sugar Plantation Oo. Ltd., 
Naalehu, Kau, Hawaii, T.H, 

Heymann, Clifford Donald (J’41) (MNTCOA), 
Seaman, 2nd Class, U.S.N.R., Instr., Naval Acad. 
Prep. Sch. Crew, Naval Trng. Center, Bainbridge, 
Md.; for mail, 8802—104th St., Richmond Hill, 


Dil, Nai. 
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Pl.,; Beloit, Wis. 

Hobart, Henry M. (’15) (ERS), Cons. Engr., 
10 Balltown Rd., Schenectady, N.Y. 

Hobbs, Elmer E, (’20;'35), Foreman, Power 
Plant, U.S. Naval Acad., Annapolis, Md. 

Hobbs, Franklin W. (’11) (TBCEFZ), Pres., 


Arlington Mills, 78 Chauncey St., Boston, Mass. 

Hobbs, George Stevenson (J’45) (SMNJHB), Lt. 
(j.g-), U.S.N.R., Ch. Engr., LST-755, F.P.0., San 
Francisco, Calif. 

Hobbs, James Clarence (’12; ’16; ’20; F’41) 
(SHLABC), 60 Wood St., Painesville, Ohio. 

Hobbs, William Stevenson (J’28) (KHSF), Mech. 
Engr., Engrg. Div., Mfg. Dept., Sun Oil Co., 1608 
Walnut St., Philadelphia 3; for mail, Box 269, 
Swarthmore, Pa. 

Hoblit, Frederic Maltby (J’39) (ABES), Stress 
Analyst, Lockheed Aircraft Corp., Burbank; for 
mail, 817 S. Madison Ave., Pasadena 5, Calif. _ 

Hoblitzell, William Henry, Jr. (J’45), 89638 
MWineton Ave., Cincinnati 29, Ohio. 

Hobson, Robert Raymond (J'41) (AYK), 5254 
Smithson Ave., lawrence Park, Erie, Pa. 

Hoch, Andrew Wilbur (J’45), 40-16—168th St., 
Flushing, N.Y. 


wanonrieres 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


Hoch, Fred W. (’30;’85) (BCG), Pres., Mgr., 
Fred W. Hoch Associates, Inc., 461—8th Ave., 
New York, N.Y. 

Hoch, Thornley Searles (J’43) (OMN), Lt., 
U.S.N.R., Mchy. Inspr., Safety Officer, c/o 
Supvr. of Shipbldg., U.S.N., Consltd. Steel 
Oorp., Orange, Tex. 

Hochman, Eugene (J’38) (ELWYZS), Mar. Engr. ” 
Bur. of Ships, Navy Dept., Washington, D.C. ; 
for mail, Apt. 208, 3912 Elbert Ave. A ‘Alexandria, 


Hochmuth, Frank William (J’41) (SFKLEW), 
Engr., Paper Mill Equip., Combustion Engrg. 
Co., Inc., 200 Madison Ave., New York 16, N.Y. 

Hochner, Royal Monroe (J’42) (YMTOR), Fire- 
stone Tire & Rubber Co., Akron; for mail, 1060 


W. Jefferson St., Akron 2, Ohio. 

Hochuli, John H. (’28;°35) (SFLDEJ), Mech. 
Engr., Gibbs & Hill, Inc., Pa. Sta., New York 
ey for she 8535—90th St., Woodhaven 21, 

Hockema, Frank C, (’22;’27) (YSE), Exec. 
Dean, Secy. to Bd. of Trustees, Purdue Univ., 
Lafayette; for mail, 832 Main St., West La- 
fayette, Ind. 

Hodara, Ralph Leon (J’45) (TOYSML), Jr. 
Engr., Barnes Textile Associates, 10 High St., 
Boston 10; for mail, 3 Ames St., Cambridge, 
Mass. 

Hodes, Lewis E. (J’40) (HBESJK), Lt. (.g.), 
U.S.N,R., Bachelor Officers’ Quarters, Lewis 


Park, Naval Oper. Base, Norfolk, Va. 

Hodge, Byron T, (’37), Natl. Carbon Co. Ine., 
moatoria. for mail, Route 1, Alvada, Ohio. 

Hodge, Chas. A, (18) (EJS), Instr., City of 
Yonkers, 33 Seminary Ave., Yonkers, N.Y. 

Hodge, Gordon N. (J'41) (CHMDS), 
Engr., W peuington Pump & Mehy. 
rison, N.J 

John Frederick (45) (CLMEF), Plant 
Engr., Celanese Corp. of Am., Box 148, Bishop ; 
for mail, Box 804, Kingsville, Tex 

Hodges, John Little (24; ’26; 81) (SFE), 
Deputy Smoke Abatement Engr., Dept. of Smoke 
Regulation, Hudson County Court House; for 
mail, 2787 Hudson Blvd., Jersey City 6, N.J, 

Hodges, Kenneth Raymond (’35;’43) (CFE 
DM), Asst. Editor, Industry & Power, Maujer 
Publ. Co., 420 Main St., St. Joseph, Mich. 

Hodgkinson, Francis ('02; F’39) (EKS), Vice- 
President, ’39-’41; Tolley Medalist 738; Cons. 
Engr., 138 E. 86th St., New York, N.Y. 

Hodgkinson, George Arthur (J’27) (FSKE), 
Fuel Engr., Pub. Serv. Elec. & Gas Co., 80 Park 
Pl., Newark 1, N.J. 

Hodgson, Alec Wilberforce (’10) (SBCE), Re- 
tired; 92 Mountain Ave., Summit, N.J 


Devel. 
Corp., Har- 


Hodgson, Grant Baker (J’40) (CRAKHN), Staff 


Engr., Research & Product Devel., Solar Air- 
craft Co., 2200 Pacific Highway, San Diego 12; 
for mail, 3529 Ingraham, San Diego 9, Calif. 
Hodgson, Ronald Huch Cleveland (J’ 41) (CAE), 
Apt. 2, 1514 MacKay St., Montreal 25, Que., 


Can. 
Hodson, Walter David (’29) (JL), Pres., Gen. 
Mer., Hodson Corp., 5301 W. 66th St., Chicago 


Hodson, Walter Henry (A’48), V.P., Gen. Sales 
Mer., Hodson Corp., 5801 W. 66th St., Chicago 


8, e 

Hoefer, Elmer George (’09;’30) (NSEFBK), 
Prof. Mech. Engrg., N.C. State College; for mail, 
F-3 Raleigh Apt., Raleigh, N.C. 

Hoelke, Howard Alex (J’42), Lt. (j.g.), 
Ce 4908 Westway Dr., Washington 16, 

0. 

Hoell, George S. (’39) (BHN), Dir., Mech. & 
Civ, Engrg. Div., Franklin Inst., 20th St. & 
Parkway, Philadelphia 3; for mail, 449 W. 
Bringhurst St., Philadelphia 44, Pa. 

Hoelscher, Randolph Philip (45) (GNM), Prof. 
Gen. Engrg. Drawing, 307 Trans. Bldg., Univ. 
of Ill.; for mail, 1107 S. Busey Ave., Urbana, 


Tl. 

Hoernes, Helmut H. (’31;’35) (NBE), Design- 
ing Engr., W. E, Hall Ptg. Co., 4600 Diversey, 
Chicago ; for mail, 6230 Dorchester Ave., Chicago 
387, 

Hoerter, Harry Eugene (J’42) (AEW), c/o 


enV, Baaep, Box 81, Ft. ee Fla. 
Hoevel, K. 0. (J’40), National Supply Co., Tulsa, 
Okla 


Tee Clyde R., Jr. ('25;°35; 35) (SKZF 
WH), Steam Specialist, Champion Paper & Fibre 
Co., Main St.; for mail, Box 826, Canton, N.O, 

Hoff, Nicholas John (44) (BAYW), Assoc. Prof. 
Aero. Engrg., Poly. Inst. of Brooklyn, 85 Livings- 
ton St.; for mail, 131 Joralemon St., Brooklyn 

MG 


2) N.Y. 

Hoffberg, Howard J. Ge (BHK), 98 Han- 
cock St., Cambridge 39, Mas 

Hoffer, Howard Anthony C18 37245727) (CMH 
JDB), Asst. Gen. ce Mer., U.S. Pipe & Fdy. 
Co., Burlington, 

Hoffman, Albert aie (718), 42 The Uplands, 
Berkeley 5, Calif. 

Hoffman, Carl (J’ 42), 87 Martin Ave., Hempstead, 
GIG NEG 

Hoffman, ‘Carl (J'42) (NMJ), Tool Designer, 
Grumman Aircraft Engrg. Corp., Bethpage, L.I. ; 
for mail, 2657 Bedford Ave., Brooklyn 10, N.Y. 

Hoffman, David (J'31) (CDM), Plant Layout 
Engr., Westinghouse Elec. Corp., Lester; for 
mail, 5060 City Ave., Philadelphia 81, Pa. 

‘Hoffman, E. Edward (’38) (RCJLMO), Dir., 
Indus. Finishes Div., Natl. Paint, Varnish & 
Lacquer Assn., 1500 Rhode Island Ave., N.W., 
Washington 5, D.C. 


Hoffman, Edward Lee (J’44) (AEH), Apt. 4, 
2404 Chesapeake Blvyd., Hampton, Va. 
Hoffman, George A. ('30) (FS), Gen. Supt., 
Pumping Stas., St. Louis let Div., 34 E. 

Grand Blvd., St. Louis 7, Mo. 

Hoffman, George Anthony (J’45) (BN), 8842 
Dellwood Rd., Cleveland Heights 18, Ohio, 
Hoffman, Harry Burnett (J’44), Lt. (j.g.), 
U.S.N.R., Senior Officers’ Quarters, U.S. Naval 

Hospital, Mare Island, Calif. 

Hoffman, Howard T. (’26;’35), 1331 Chardon 
Rd., Euclid, Ohio. 

Hoffman, Irwin R. (745) (FCOSZR), Fuel Engr., 
Sales Co-ordinator, Cent. Coal Co., Inc., 215 E. 
149th St., New York; for mail, 14 St. George 
Rd., Great Neck, vate Bain 

Hoffman, J. Roy (’16;’26) (EJY), V.P., Treas., 
Smith-Booth-Usher Co., 2001 Santa Fe Ave., 
Los Angeles 54, Calif. 

Hoffman, John Ernest (’15;’22;’35) (CLDS 
FO), Dir. of Purchases, Cuban Am. Sugar Co., 
120 Wall St., New York 5, N.Y. 

Hoffman, Paul C, (J’39), College of Enarg., 
Univ. of Detroit, Detroit, Mich. 

Hoffman, Ralph N,. (’21; 735), Morenci, Ariz. 

Hoffman, Robt. J. (’20), V.P., Prest-O-Lite Co., 
Ine., 80 E. 42nd St., New York, N.Y. 

Hoffman, Russell Richard (J’42) (SKJ), Fore- 
man, Power & Light, Interlake Iron Corp., 108th 
St. & Calumet River; for mail, 10959 Ave. B, 


Chicago 17, Tl. 

Hoffman, Wray M. (J’41) (CAJME), Liaison 
Quality Engr., Aviation Gas Turbine Div., West- 
inghouse Elee. Corp., Lester Branch P.O., Phila- 
delphia 13; for mail, 231 Haverford Ave., 
Swarthmore, Pa. 

Hoffmann, Alexander Francis (’45) (BDFKOS), 
Erection & Oper. Engr., Internat]. Combustion 
Ltd., 19 Woburn Pl., London, W.C. 1, England. 

Hoffmann, Emil H. (J’37) (HBSEJK), Elec. 
Engr., Ambursen Engrg. Oorp., 800 Hermann 
Bldg., 204 Travis St.; for matl, 720 Bomar Ave., 
Houston, Tex. 

Hoffmann, James M, (J’39) (BYDSM), 1st Lt., 
Corps of Engrs., U.S.A., Co. B, 115th Engrs. Bn. 
(C), A.P.O. 40, ¢/o Postmaster, San Francisco, 
ee for mail, 4101 N. Kilbourn Ave., Chicago 
41,1 

Hofft, M. A, (A’87) (DSW), Pres., M. A. Hofft 
Co., 441 W. Georgia St., Indianapolis, Ind. 

Hofmann, Charles Sebastian (J’44) (BJNZ), 
Research Asst., Mass. Inst. of Tech., 77 Massa- 
chusetts Ave., Cambridge 39, Mass. 

Hofmann, Edward Henry (J’42) (SNACEH), De- 
signer, Bell Tel. Labs., 463 West St., New York 

4; for mail, 112 Hale Ave., Brooklyn 8, N. Y. 

Hofmann, Gideon (J’42) (BNZMJ), Research 
Engr., U.S. Time Corp., Waterbury 91, Conn. 

Hofmann, Robert Thomas (J’45), 2226 Kenil- 
worth Ave., Berwyn, Ill. 

Hofstein, Lawrence L. (J’39) (BHSLNE), 3381 
Sedgewick Ave., Bronx, 

Hofstetter, Elias T, Cruse (27; 
EFJ), Asst. to Supt., Consltd. Gas Elec. Light 
& Power Co., Lexington Bldg., Baltimore 3; for 
mail, 1208 Round Hill Rd., Baltimore 18, Md. 

Hogan, Curt Leland (42) (MZBS), Retired; 1218 
Sherman St., Alameda, Calif. 

Hogan, John Joseph (746), V.P., Gen. Megr., 
Brunner Mch. & Tool Co., Inc., 214 William St., 
New York 7; for mail, 27 Cambridge Ave., White 
Plains, N.Y. 

Hogan, John Philip (’26) (ORS), Partner, Par- 
sons, Brinckerhoff, Hogan & MacDonald, Engrs., 
142 Maiden Lane, New York, N.Y. 

Hogan, Mervin B, (’30; 43) (BJK), Prof. Mech. 
Engrg., Univ. of Utah, Salt Lake City 1; for 
mail, 1166—2nd Ave., Salt Lake City 3, Utah. 

Hogan, William Edward (’43) (ACM), Head 
Procurement Inspr., Army Air Forces, Matériel 
Comd., Sikorsky Aircraft Corp., South Ave., 
Bridgeport; for mail, 215 Salem St., Bridgeport 
6, Conn. 

Hoge, Brecertek H. (’21) (BCDN), Pres., W. A. 
Jones Fdy. Mch. Co., 4401 Roosevelt Rd., 
Chicago 24, til 

Hoge, Wallace W. (’26; A’34) (CRAY), Buying 
Dept., Morgan Stanley & Co., 2 Wall St., New 
oe 6, N. Y.; 3 for heals 50 Bedford Rd., Summit, 


’80;°35) (BCD 


Hogg, Allan Douglas (J’40) (BZSK), ee Re- 
search Engr., Hydro-Elee. Power Comm. of Ont., 
620 University Ave., Toronto 2, Ont., Can. 

Hogg, James Vanderbilt (J’40) (MSONCE), 32 
Grant Ave., Amsterdam, N.Y. 

Hogg, John Webb (’18;’26) (SHF), E. I. du 
Pont de Nemours & Co., 3500 Grays Ferry Ave., 
Philadelphia 46; for mail, Sproul Rd., Broomall, 
P. 


a. 
Hogin, Philip Edward (J’43) (MCAWBR), En- 
sign, U.S.N.R., 36 Axtell Dr., Scarsdale, N.Y. 
Hoglund, Nils Ove (J’44) (BJM), 210-07 Rich- 

land Ave., Flushing, N.Y. 

Hohenstein, Frederick Carl (J’44) (KCEFSO), 
Mech. Engr., Heat Transmission Sales Dept., 
Elliott Co., Jeannette, Pa. 

Hohl, Leonard Louis (’31) (HBYKDS), Engr., 
Are. Rubber Mfg. Co., 1145 Park Ave., ‘Oakland 

; for mail, 30. Beverly Rd., Berkeley 8, Calif. 
otitis, Holger (’43) (BML), Asst. Plant Engr., 
Moore Dry Dock Co., Foot of Adeline St., Oak- 
land; for mail, 851 Regal Rd., Berkeley 8, Calif. 

Hoke, Arnold (’13) (CDF), V.P., Whitehall 
Cement Mfg. Co., 160 Main St., Cementon, Pa. 
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HOLLINS 


Holbreich, Milton (J’41) (CDM), Lt., 
Corps, U.S.A., 552nd Sig. Depot Co., 
Det., A.P.O. 901, San Francisco, Calif. ; 
275 Pennsylvania Ave., Freeport, L.I., N.Y. 

Holbrook, Dio Lewis (’99) (H), Retired; 305 
Lincoln Ave., Point Pleasant, N.J. 

Holbrook, Frank Martyn (’44) (LKS), Mech, 
Engr., Alpha Steam Specialty Co., 15 Park Row, 


New York ae NEN 
Holbrook, Gordon E. (J’39) (ASE), Sr. Project 
Allison Div., Gen. Motors Corp., Indian- 


Engr., 
apolis 6, Ind. 

Holcomb, Normand P. (J’40) (GJM), Tool De- 
signer, Colt’s Pat. Firearms Mfg. Co., Inc., 17 
VanDyke Ave., Hartford; for mail, Spring St., 
Warehouse Point, Conn, 

Holcombe, Amasa Maynard (A’16) (BJM), Pat. 
Lawyer, 438 Munsey Be Washington 4; for 
mail, 3024 Tilden St., N.W., Washington 8, D.C. 


Signal 
Pusan 
for mail, 


Holdcraft, Harvey Tick Jr. *(J'41) (ABP), Lt., 
U.S.N.R., Ground Sch., U.S. Naval Air Sta., 
Pensacola, Fla. 

Holdcraft, Joseph William (J’48) (KSA), Lt. 


(j.g.), S-E(4), U.S.N.R., Naval Shipyard, Boston, 
ee eton mail, 1247 Langham Ave., Camden, 


Holden, Albert Frederick :(J’38) (SZBR), Asst. 
Engr., Elec. Operas., Pacific Gas & Elec. Co., 245 
Market St., San Francisco 6, Calif. 

Holden, Edward Allen (’18;’25;’29) (FKES 
MZ), Ch. Engr., Engr. Co., 75 West St., New 
York 6, No Y¥c 

Holden, Frederick Raymond (J’42) (ABE), 6312 
Morton St., Philadelphia 44, Pa 

Holden, Irving Harold (748) (NMCOJB), Mech, 
Design Engr., Philharmonic Radio Corp., 528 E, 
72nd St., New York 21; for mail, 1440 East Ave., 
New York 62, N.Y 

Holden, John M. ( 40) (CM), Prod. Engr., Se- 
curity Engrg. Co., Inc., 108 W. Whittier Blvd. ; 
for mail, B17 Ss. Comstock St., Whittier, Calif. 

Holden, Paul E. ('26) (CMBDL), Prof. Indus. 
Mgmt., Graduate Sch. of Business, Stanford Univ., 
Stanford University, Calif. 

Holding, John Brewster (’33;’45) (JCBL), Re- 
search Engr., Battelle Memorial Institute, 505 
King Ave., Columbus 1, Ohio. 

Holdredge, Edwin (J’39) (BKS), 488 Roberts- 
ville Rd., Oak Ridge, Tenn. 

Holdredge, Ernest Cardwell (J’42) (SEFKNR), 
Instr. in Mech. Engrg., Univ. of Tenn., Knoxville 
16; for mail, Crestwood Rd., Fountain City, 
Knoxville 18, Tenn. 

Holecek, John Jerry (J’39) (OBCM), Plumbing, 
Htg., Contrg., J. J. Holecek Co., 42 W. 65th St., 
New York, N.Y. 

Holford, Harry Earl (’22;’85), Pres., Secy., 
Binghamton Fdy. & Mch. Co., Inc., N. Floral 
Ave.; for mail, 8 Cedar St., Binghamton, N.Y. 

Holgate, Fred B. (’40) (BCK), Mech. Engr., 
Matl. Lab., N.Y. Naval Shipyard, Brooklyn; for 
mail, Cedar Shore Dr., Massapequa, N.Y. 

Holland, A. Dinsmore (’34;’35) (SFKH), Prof. 
Mech. Engrg., Ga. Sch, of Tech., 221 North Ave. ; 
for mail, 866 Greenwood Ave., N.E., Atlanta, Ga. 

Holland, C. Kenneth (J’36) (ESH), Asst. Mech. 
Engr., Ebasco International Corp., 2 Rector St., 
New York 6, N.Y.; for mail, 15 Vista Ave., 
Elizabeth 3, N.J. 

Holland, Cyrus Jonathan (’39;’41) (RBC), 
Pres., Holland Co., 332 S. Michigan Ave., Chicago 
4, Ill. 

Holland, Raymond (J’44) (CGM), Supt., Pollock 
Paper & Box Co., 4202 Jefferson St. ; jor mail, 
1518 Pearson, Houston 8, Tex. 

Holland, Ubert C. (’24;’35) (AGM), Prof., Col- 
lege of Engrg., Rutgers Univ., New Brunawick, 
NJ. 


Hollander, Aladar (719) (HBSKAP), Assoc. Prof., 
Calif. Inst. of Tech., 1201 KE. California St., 
Pasadena 5; for mail, 2385 Hill Dr., Los Angeles 
41, Calif. 

Hollander, Emanuel (’01;’06), Cons. Engr., 153 
Hillside Ave., Mt. Vernon, NDE 

Holle, Frederick D, (J’40) (AJMNWY), Design 
Dept., Austin-West. Co., Aurora, Ill. 

Hollensbe, H. E. (’38) (SEFCDZ), Editor, In- 
dustry & Power, Maujer Publ. Co., 420 Main St., 
St. Joseph, Mich. 

Holler, Harold George (J’43) (ESFKA), Ensign, 
U.S.N.R., 307 E. Wilbur Ave., Milwaukee 7, Wis. 

Holleran, Dominic John (’43), Plant Engr., Natl. 
Lock Washer Co., 40 Hermon St., Newark ; for 
mail, 151 Headley Terrace, Irvington, N.J. 

Hollerith, Chas, (’39) (A), V.P., Charge Engrg. 
Hayes Industries, Inc., Wildwood & Fern Ave., 
Jackson, Mich. 

Hollerith, Herman, Jr. 


(19; 728) (A), Matls. 


Engr. Glenn L. Martin Co., Middle River, Balti- 
more 8; for mail, 5 Englewood Rd., Baltimore 
10, Md. 


Hollerith, Richard (J’25), 307 Shrewsbury Rd., 
Riverton, N. 
Holley, James wf 
Peekskill, N.Y. 
Holliday, Frank Richard (J’43) (ABCR), Chrys- 
ler Corp., 12800 Oakland Ave., Detroit ; for mail, 

56 Colorado, Detroit 3, Mich. 
Hollingsworth, Samuel (’ ae 2.0%) 


Scotch Plains, N.J. aly (GrIDED) 1oke 
ollins, George G. (’21;F” 3 
Bech, Engr. iy G. White Engrg. Corp., 80 Broad 


St., New York 4, N.Y. 


(J’41) (EFS), 807 Pemart Ave., 


Retired ; 


HOLLIS 


Hollis, Earl A. (J’24) (CJM), Buyer, Bell Tel. 
Labs., 463 West St., New York; for mail, 3448— 
88th St., Jackson Heights, Toetes NEY 

Hollis, James Walter, Jr, (J’ 38), 2nd Lt., 18th 
Weather Sqd., Det. 118, A.P.O. 633, c/o Post- 
master, New York, N.Y. 

Hollis, Oliver Nelson (720) (FS), Engr., Power 
ivy Stone & Webster Engrg. Corp., 49 Federal 

Boston, Mass. 

Hollis, R, Frank (35; ’85) (DKS), Mech. Engr., 
Alton Box Board Co.; for mail, 2510 Bloomfield 
St., Alton, Tl. 

Hollister, Ezra (J’45) (HABMZ), Hyd. Devel. 
Engr., Pacific Div., Bendix Aviation Corp., 11600 
Sherman Way, North Hollywood, Calif. 

Hollister, James F. (J’46) (AHM), Automatic 
Pilot Lab., Eclipse-Pioneer Div., Bendix Aviation 
Corp., Teterboro ; for mail, 133 Harcourt Ave., 
Bergenfield, NJ. 

Hollister, Solomon Cady (’34) (B), Dean, College 
of Engrg., Cornell Univ., Ithaca, N.Y. 

Holloway, Frank M. (7 40) (FIM), Partner, 
Charge of Sales & Pee da Holloway Engrg. Co., 
1119 E. 4th St., Austin, Tex 

Holloway, Kenneth J. (J’41) “(FAESMC), Design 
Engr., Stand. Oi] Co., Sugar Creek, Mo. 

Holloway, Robert Allen (6p 44) (OCDMNL), Lt. 
(j.g.), U.S.N., Engrg. Officer, U.S.S. Cymophane, 
496 Montauk ‘Ave., New London, Conn, ; for mail, 
605 Los Altos Ave., Long Beach 4, Calif. 

Hollowell, Glenn Alonzo (742) (SEFH), Prod. 
Supt., W. Tex. Utilities Co., Abilene, Tex. 

Hollowell, James S. (’30) (DEL), VP. Charge 
Engrg., Natural Products Refining Oo., 902 Gar- 
field Ave., Jersey City 5, N.J. 

Hollweg, ‘Charles Henry (3’39) (CMZJ), Lt. 
(j.g.), S (O), U.S.N.R., Prod. Officer, Naval Ord. 
Plant, Macon, Ga. 

Holm, Sigurd Sverre (’24;'30;’85) (SKHJ), 
Engr., M. W. Kellogg Co., 225 "Broadway, New 
York 7; for mail, 25 Park Circle, Great Neck, 


N. 

Hounbers, Charles G, (’28) (BJMY), Engr., Tool 
& Gage Design, West. Elec. Co., Inc., 100 Central 
Ave., Kearny ; for mail, 560 N. Chestnut St., 
Westfield, Nes 

Holmberg, Joseph Charles (732; ’35) (DBSHNC), 
Mech. Engr., Charge Conveyor Design, Swanson 
& Torsell, State Bank Bldg., for mail, 2615—14th 
Ave., Moline, Tl. 

Holme, Thomas Timings (J’40) (CMZL), Assoc. 
Prof. Mech. Engrg., Lehigh Univ., Bethlehem, Pa. 

Holmes, A. Clifford (J’42) (SKBENO), Asst. 
Engr., Allis-Chalmers Mfg. Co., Milwaukee 1; 
for mail, 815 S. Shea Ave., Milwaukee 4, Wis. 

Holmes, Alester G., Jr. (’39) (EB), Head, Mech. 
Engrg. Dept., Miss. State College, State College, 
Miss. 

Holmes, Clayton W. (’82; 33; ’35) (SBHEKN), 
Assoc. Prof. Engrg., Haverford College, Haver- 
ford, Pa. 

Holmes, George Robert (’22;’25;’°35) (OJN), 
Pres., Treas., McLagon Fdy. Co., 100 Audubon 
St., New Haven 19, Conn. 

Holmes, James Thomas (’26) (OAL), Partner, 
Holmes & Narver, 639 S. Spring St., Los Angeles 
14; for mail, 64 Fremont Pl., Los Angeles 5, 
Calif. 

Holmes, Joseph Addison (’32;’85) (SRLMCD), 
Asst. V.P., Natl. erers e: Corp., 6216 W. 66th 
PL; Chicago 38, Ml. 

Holmes, Lester B. (J’89) (BHK), Lt., 1735 Riggs 
Place, N.W., Washington, D.C 

Holmes, Richard Beck (’39) (CDJ), Gen. Mer., 
Link-Belt Co., 2045 W. Hunting Park Ave., Phila- 
delphia 40; for mail, Henry Ave. & Coulter, 
Philadelphia 29, Pa. 

Holmes, Robert Wallace (J’40) (CMZ), Prod. 
Scheduling Official, Ryerson Lab., Univ. of Chi- 
cago, 58th & Greenwood, Chicago; for mail, 6709 
Cregier Ave., Chicago 49, Ill. 

Holmes, William C. (21; 727) (SFCO), Asst. 
Mgr., Sta. Constr. & Shops Dept., Consltd. Edison 
Co. of N.Y., Inc., 4 Irving P1., New York 3, N.Y. 

Holmquist, George Francis (’44) (MNJBDH), 
Mech. Engr., Stanley Works, New Britain; for 
mail, 674 Farmington Ave., Bristol, Conn. 

Holms, Arthur Glatt (J’41) (BOCJAD), Mech. 
Engr., Natl. Advis. Com. for Aero., Cleveland; 
for mail, 149 E. Center St., Berea, Ohio. 

RUUD Andrew Birger (42) pCa 

V.P. & Gen. Mgr., Abrasive Div., Norton Co., 1 
New Bond St., Worcester 6, Mass. 

Holowenko, Alfred Richard (345) (NBLSJA), 
Asst. Prof. Mech, Engrg., Purdue Univ., La- 
fayette, Ind. 

Holpert, Merrill oto) (MJNBEO), 1661 E. 4th 
St., Brooklyn 80, N. 

Holsworth, Robert hasten (742) (HKO), Owner, 
Holsworth Equip. Co., Box 1981, Corpus Christi, 


Tex 

Holt, “Arthur D, (’42) (LKB), Devel. & Research 
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Riverton, NJ. 

Irwin, Kilshaw McHenry (’17; Be ; 730) (SFE), 
Vice-President, ’39-41, ’41-’42; Megr., Engrg. 
Dept., Philadelphia Elec. eee 1000 Chestnut 
St., Philadelphia 5, Pa. 

Irwin, Paul Lawrence (J’22) (BRJNOZ), Engr. 
of Tests, Baldwin Loco. Works, Philadelphia 42 ; 
for mail, 100 Morton Ave., Ridley Park, Pa. 

Irwin, Russell Douglass (’46) (BHZ), Flow- 
meter Engr., Brown Instrument Co., Wayne & 
Roberts Sts., Philadelphia 44; for mail, 512 
Oreland Mill Rd., Oreland, Pa. 

Irwin, Vineent H. (’21;’35) (EFS), Power 
Engr., E. I. du Pont de Nemours & Co., Wil- 
mington, Del. ; for mail, Devon, Pa. 

Irwin, William’ (J’39) (SFC), Capt., Ord. Dept., 
Medical Field Serv. Sch., Carlisle Barracks, Pa. 

Isabella, Bernard Joseph (J’43) (CAMRNJ), 
Charles T. Main Award, ’42; Thompson Products, 
Ine., 23555 Euclid Ave., Euclid; for mail, 1681 
Wood Rd., Cleveland Heights 21, Ohio. 

Ischinger, Alfred Ernst (’27;’31) (BCEGJL), 
Pat. Atty., 803 Medical Arts Bldg., 230 N. 5th 
St., Reading, Pa. 

Isely, Francis Dort (J’42) (BASEZF), Pvt., 
Army Air Forces, 4000th Base Unit, Sqd. I, 
Wright Field, Dayton, Ohio. 

Isenberg, Martens H. (718;’21;’35), V.P., 
Charge Mfr., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York; for mail, 16 Strick- 
land Pl., Manhasset, N.Y. 

Isenberg, "Paul Franklin (J’45) (SFMN), Steam 
Power Engr., D. M. Bare Paper Co.; for mail, 
427 Walnut SEs Roaring Spring, Pa. 

Isham, Clarence Atwood (Gx 42) (FSE), Engr., 
N.Y. City Bd. of Education, New York; “for 
re es Metropolitan Oval, Parkchester, Bronx 
62, NAY 

Isham, Homer L. (J’41) (KL), Engr., Shell Oil 
Co., Inc., Box 728, Wilmington; for ‘mail, 9116 
8th Ave., Inglewood, Calif. 

Ishimura, Lyuho 8S. (’17;’21;’35) (C), Exec. 
Secy., Nippon Denchi Kabushiki Kaisha, Shin- 
machi-Imadegawa, Kamikyoku; for mail, Jodoji- 
Minamidacho, 154, Sakyoku, Kyoto, Japan. 

Isidin, Benedict John (’31) (BENARJ), Asst. to 
V.P., Charge of Engrg., White Motor Co., 842 
E. 79th St., Cleveland 1; for mail, 4065 Ellison 
Rd., South Euclid 21, Ohio. 

Isles, Frederick Wilson (’21;’25) (LKFEDZ), 
Engr., Chem. Products Plant, Bayway Refinery, 
Stand. Oil Co. of N.J., Brunswick Ave., Linden ; 
for mail, 10 Arlington Rd., Cranford, N.J. 

Israelson, Arlo Floyd (J’44) (BGM), 
Engr., James M. Montgomery, Rm. 1107, 306 
W. 8rd St., Los Angeles; for mail, 10005 Orange 
Ave., South Gate, Calif. 

Ivers, Robert Carleton (J’43) (ASE), Lt., 28th 
Bomb. Sqd., 19th Bomb. Gp., A.P.O. 334, c/o 
Postmaster, San Francisco, Calif. 

Iversen, Harold Walter (J’42) (HAKB), Asst. 


Prof., Dept. of Mech. Engrg., Univ. of Calif., 
Berkeley 4, Calif. 
Ives, Alver H., Jr. (J’41) (ABL), Draftsman, 


Glenn L. Martin Co., Baltimore; for mail, Had- 
don Ave., Govans Sta., Woodbrook, Baltimore 12, 


Md. 
Ives, Charles Quincy (’40) (NLDYZW), Ives 
Lab., 132 Oak St.; for mail, Box 151, Reading, 


Mass. 

Ives, Clifford Blair (’45) (ZLKHC), Ch. Engr., 
Kieley & Mueller, Inc., 2033—43rd St., North 
Bergen, N.J. 

Ives, George Stoughton (J’ 40), Lt., USNR, 

F.P.0., San Francisco, Calif. ; for mail, 22 

Windell Pl., Glenbrook, Conn. 

Ivey, Carl Edward (J’43) (ERJWAC), Engr., 

oe Engrg. Corp., 6612 Denton Dr., Dallas 1, 
ex. 
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Ivins, Clinton Fox, Jr. (J’44) (MCF), Lt. 
(j.g.), U.S.N.R., U.S.S. Hydrus, AKA-28, F.P.O., 
New York, N.Y.; for mail, 987 Hillside Ave., 
Plainfield, N.J. 


J 


Jack, Carl Rebada (’36) (CBOMNR), 1713 W. 
8th Ave., Eugene, Ore. 

Jack, George (’26; ’385) (DKL), V.P., J. M. Leh- 
ee Co., Inc., 550 New York Ave., Lyndhurst, 


Jack, William Albert (J’44) (BAMNKJ), Pro- 
ject Engr., Calif. Div., West. Gear Works, Box 
192, Lynwood ; for mail, 16956-B Brighton Ave., 
Gardena, Calif. 

Jacka, Paul George (J’27) (CKLMHJ), Pres., 
Goslin-Birmingham Mfg. Co., Inc., 3700—10th 
Ave. N., Birmingham, Ala. 

Jackel, Melvin Ely ). Page ol 3965 Sedg- 
wick Ave., New York 63, 

Jacklin, H. M. (17; 95) “HAOBZ), Consultant, 
Automotive & Mech. Engrg., 1436 W. 27th St., 
Indianapolis 8, Ind. 

Jecnne, Daniel Cowan (F’41) (CDJMRS), Firm 
of D. C. Jackling, Personal Investment Business, 
1800 Hobart Bldg., San Francisco 4, Calif. 

Jacklitch, John James, Jr. (3°40) (ABHK), 
Instr., Case Sch. of Applied Sci., 10900 Euclid 
Ave., Cleveland 6; for mail, 415 Dover Center, 
Bay Village, Ohio. 

Jacks, Ivan Titus (’44) (CHSOEK), V.P., Gen. 
Mgr., Anonyne Hellenique Des Eauz Des Villes 
D’Athenes, Piree et Enviv., 4 Kolokotroni St., 
Athens, Greece. 

Jacks, Wilbert Jacob (J’42), Eneign. i S.N.R. ; 
714 Westgate Ave., University City, M 

Jackson, Albert Andrew Cots 96 + 85) (EO), 
Exchange Hotel, Franklin, Pa. 

Jackson, Arthur C. (’03;’10) (JCADM), Owner, 
ge og Associates, 152 N. 15th St., Philadelphia 

as 

Jackson, Charles Arthur (’11) egtee 
Engr., 194 Godwin Ave., Ridgewood, N.J 

Jackson, Charles H. (J’40) (CJM), Rests Radio 
Engr., Signal Corps, War Dept., Munitions Bldg., 
Washington, D.C.; for mail, 31 N. Granada, Ar- 
lington, Va. 

Jackson, Dugald C. (’90; F’88; H’45) (OSRO), 
Prof. Emeritus Elec. Engrg., Mass. Inst. Tech., 
Cambridge 39; for mail, 5 Mercer Circle, Cam- 
bridge 38, Mass. 

Jackson, Dugald C., Jr, (’23; ’28) (CMJ), Col., 
5 Mercer Circle, Cambridge 38, Mass. 

Jackson, E, Edmund (’38), Mech. Inventory Engr., 
Consltd. Edison Co. of N.Y., Inc., 4 Irving Pl., 
New York 3, N.Y. 

Jackson, Frederick Raymond (’17; ’°24; ’28) (SH 
BFK), Mech. Engr., Duke Power Co., Power 
Bldg., Charlotte 1, N.C. 

Jackson, Geo. P. (’21;’35), Ch. Engr., Combus- 
tion Engrg. Co., Inc., 200 Madison Ave., New 
wore 16; for mail, 33- 42—161st St., Flushing, 


Cons. 


pee H. Olin (’23;’24) (TSMCD), Treas., 
Gen. Mgr., Great Falls Bleachery & Dye Works, 
Ine., Main St.; for mail, 39 Page St., Somers- 
worth, N.H. 

Jackson, Harry C. 
Engr., Morton Mch. Works, 
Columbus, Ga. é 

Jackson, Henry Wallace (’13;’26) (CJMDZ), 
Pres., Bearings Co. of Am., Harrisburg Ave. ; 
for mail, 154 School Lane, Lancaster, Pa. 

Jackson, James Alfred (’22;’35) (ACD), Engrg. 
Consultant, Gen. Elec. Co., 1 River Rd., Schenec- 
tady, N.Y. 

Jackson, James B. (’31;’35) (LOJ), Estimator, 
Chem. Constr. Corp., 850—5th Ave., New York 
1; for mail, 34-24—82nd St., Jackson Heights, 
GBA. NY. 

Jackson, Jesse Atwater (J’28) (CMDNWH), Ch. 
Engr., Smith Shipyards, Inc., Box 1751, Pensa- 
cola, Fla. 

Jackson, John Kenneth car (BCL), Ch. Engr., 
aed Glass Works, 8th & McLean, Charleroi, 


(3°38) _ (ACJNOT), Mech. 
1718—8rd Ave., 


Jackson, John Price (’03; F’39) ee Engr., 
Indus. Adviser, J. C. McMurtrie, R.F.D. 1, Pitts- 
ton, Pa. 

Jackson, John Ralph (’15;’22) (RSF), Engr. of 
Tests, Mo. Pacific R.R., 3001 Chouteau Ave., 
St. Louis 3; for mail, 4892 Maryland Ave., St. 
Louis 8, Mo. 

Jackson, John W, (J’40) (JBNAH), Assoc. Prof. 
Mech. Engrg., Univ. of Md., College Park, Md. 
Jackson, Lawrence B. Wood (’38) (OCBKN), 

Cons. Engr., 301 Rule Bldg., Amarillo, Tex. 

Jackson, Lawrence Bailey (’18) (ERF), Dir. 
of Engrg., Diesel Div., Am. Loco. Co., Schenec- 
tady 5, NY. 

Jackson, Lewis R. (’33;’35) (FKS), Sales & 
Engrg., Boiler Dept., Henry Vogt Co.; for mail, 
5612 Southland Blvd., Louisville, Ky. 

Jackson, Marcus (’44) (AJR), Union of South- 
Africa Govt. Supply Mission, 907—15th St., N. Wes 
Washington 5, D.C. 

Jackson, Robert Clemence (J’43) (ABFNTO), 
Project Engr., Ranger Aircraft Engs. Div., Fair- 
child Eng. & Airplane bi a - eeruined aera 
mail, Box 648, Huntington, L.I., N.Y. 
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Jackson, Robert L. (J’40) (JS), Turbine Engr., 


Gen. Elec. Co., 1 


River Rd., Schenectady; for 
mail, 226 Jackson Ave., Schenectady 4, N.Y. 


N 
- Jackson, Tom Cleland (J’45) (AEBKFM), Mech. 


& Aero. Engr., Army Air Forces, Aero. Dept., 
Calif. Inst. of Tech., Pasadena, Calif; for mail, 
Spalding Ave., Lebanon, Ky. 


_ Jackson, Thomas E, (J’37), Instr. in Mech. 
Engrg., Mech, Engrg. Dept., Lehigh Univ., Beth- 
lehem, Pa. 


> 
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Jackson, Thomas Woodrow (J’41), 


1760 Walnut 
St., Berkeley 4, Calif. 


j Jackson, Warren Cowan (J’40) (JKS), Engr., 


Fed. Power Comm., 412 Neil P. Anderson Bldg., 

peor 2; for mail, 2804 Westridge, Ft. Worth 

eX. 

Jackson, Warren Earle (J’45) (JCBEFK), En- 
sign, U.S.N., U.S.S. Albany, Newport, R.I.; for 
mail, 75 EB. Main St., Portland, Conn. 

Jackson, William George (’42) (CDJKLS), De- 
signer, Nichols Engrg. & Research Corp., 60 Wall 
Tower, New York 5, N.Y.; for mail, 63 Van Rey- 
pen St., Jersey City 6, N.J. 

Jacob, Brent Cooke (’22) (BAHDYK), Engr., 
Indus. Brownhoist Corp., 185 Washington Ave. ; 
for mail, 205 N. Mountain St., Bay City, Mich. 

Jacobi, Edward N. (’19;’35) (BNMJKZ), Ch. 
Engr., Briggs & Stratton Corp., Milwaukee 1; 
a3 mail, 2128 E. Lafayette Pl., Milwaukee 2, 

is. 

Jacobs, Don Henry (J’42), 1126 E. Moreland, 
Phoenix, Ariz. 

Jacobs, Jay Allen (’27;’35) (DLOSFOC), Dept. 
Head, Spec. Assignments, Cent. Engrg. Div., 
Colgate-Palmolive-Peet Co., 105 Hudson St., 
Jersey City 2, N.J. 4 

Jacobs, John J., Jr. (J’38) (SFE), Application 
Engr., Westinghouse Elec. Internatl. Co., 40 
Wall St., New York 5, N.Y. 

Jacobs, Leonard (J’43) (BJMNYZ), Mech. Design 
Engr., Radio Corp. of Am., Camden, N.J.; for 
mail, 5847 N. Camac St., Philadelphia 41, Pa. 

Jacobs, Milton Russel (J’43) (AMJ), Project 
Engr., Thompson Products, Inc., 6402 Cedar 
Ave.; for mail, 1966 E. 71st St., Cleveland 3, 


Ohio. 

Jacobs, Robert Morton (J’44) (AES), 1925 Ber- 
gen St., Brooklyn 33, N.Y. 

Jacobs, Samuel Sydney (’23) (NCMJBD), Asst. 
to Mgr., Equip. Div., Am. Can Co., 230 Park Ave., 
New York 17, N.Y. 

Jacobs, Ward S. (’97;’04) (KFAZND), Cons. 
Engr., Walton Co., Hartford 3; for mail, 70 
Terry Rd., Hartford 5, Conn. 

Jacobsen, Lydik S. (’42) (BAS), Exec. Head, 
Mech. Engrg. Dept., Sch. of Engrg., Stamford 
Univ., Stamford University, Calif. 

Jacobson, Carl Arthur (’37) (ERAB), Cons. 
Engr., Loco. & Southwark Div., Baldwin Loco. 
Works, Eddystone; for mail, 112 Golf View Rd., 
Ardmore, Pa. 


Jacobson, Chas, N. (J’39), Plant Mgr., Dake 
Engine Co., Grand Haven, Mich. 
Jacobson, Conrad ©. (717), Ch. Engr., John 


Robertson Co., 133 Water St., Brooklyn, N.Y.; 
for mail, 27 Douglas Rd., Glen Ridge, N.J. 

Jacobson, Eugene William (’34;’35) (EBNLJZ), 
Ch. Design Engr., Gulf Research & Devel. Co., 
Box 2038, Pittsburgh 30, Pa. 

Jacobson, Frank Franz (’16;’26) (BCJKRZ), 
Pres., Seamlex Co., Inc., 27-27 Jackson Ave., 
Long Island City 1, N.Y. 

Jacobson, Harvey (J’44) (BJM), Supt., Manne- 
Knowlton Insulation Co., 416 W. 13th St., New 
York 14, N.Y.; for mail, 7 Foster St., Newark 


Pea 

Jacobson, Richard Fisher (J’45) (JFS), Staff 
Sergeant, U.S.A., 3rd Co., Trng. Gp., Armd. Sch., 
fon Ky. ; for mail, 61 Stone Ave., Ossining, 


Jacobson, Saul Baum (J’34) (OSYT), Draftsman, 
B. I. du Pont de Nemours & Co., Nemours Bldg., 
Wilmington; for mail, Rm. 606, 11th & Wash- 
ington Sts., Wilmington 9, Del. 

Jacobus, David D. (’34) (ZJY), Staff Mem. 
Radiation Lab., Mass. Inst. of Tech.; for mail, 
18 Farwell Pl., Cambridge, Mass. 

Jacobus, David Schenck (’89;H’34), Manager, 
00-08, Vice-President, ’03-’05, President, 716; 
Retired; 93 Harrison Ave., Montclair, N.J. 

Jacobus, Robert Fulton (’07;’12) (OLYSMD), 
Partner, Francisco & Jacobus, 511—5th Ave., 
New York 17, N.Y. 

Jacobus, William Wesley (J’45) (ACMDJ), Pro- 
ject Engr. Co-ordinator, Wright Aero. Corp., 
122 Beckwith Ave., Paterson; for mail, 228 Mid- 
Jand Ave., Montclair, N.J. 

Jacoby, Henry Edward (’16) (KL), 205 E. 42nd 
St., New York 17, N.Y. 

Jacoby, Nicholas Peter (J’38) (FSZCLK), Field 
Engr., Hagan Corp., 225 S. 15th St., Philadel- 
pane 5 for mail, Butler Pike, Three Tuns, Ambler, 

Fy : 


Jacoby. Willis (J’41) (AF), 2601 N. Franklin 
St., Wilmington, Del. 

Jaeger, Jerald Francis (J’45), Plastics Div., 
a apg tens Can Co., 725 N. 6th St., Cambridge, 

io. 

Jaffe, Bernard (J’39) (ALW), 1411 Benson St., 
Bronx, N.Y. 

Jaffe, William Julian (J’41) (CDL), Instr., Math. 
Dept., Newark College of Engrg., 367 High S&t., 
Newark 2; for mail, 1030 Anderson Ave., Pal- 
isade, N.J 


Jagdmann, Edwin Fred (J’36) (NLDMCH), 
Devel. Engr., E. I. du Pont de Nemours & Co., 
Wilmington, Del.; for mail, 24 W. Red Bank 
Ave., Woodbury, N.J. 

Jahncke, Donald Edward (J’39) (CDMZ), Plant 
Layout Engr., Plymouth Div., Chrysler Corp., 
6334 Lynch Rd., Detroit 31; for mail, 1541 
Hollywood Rd., Grosse Pointe Woods 30, Mich. 

Jahncke, Paul Frederic (’44), Pres., Jahncke 
Serv., Inc , 814 Howard; for mail, 7 Audubon PL, 
New Orleans, La. 

Jahnke, Noble Walter (J’42) (CMNJ), Lt., 
U.S.N.R., Asst. Matl. Supt., Naval Shipyard, 
Boston; for mail, 56 Charlesgate, East Boston 
15, Mass. 

Jahnke, Ralph Harry (J’42) (ACD), 3446 S. 
Elmwood Ave., Berwyn, Ill. 

Jaklitsch, Joseph John (J’41) (ZOM), Editorial 
Dept., A.S.M.E., 29 W. 39th St., New York 18; 
for mail, 42-14—64th St., Woodside, L.I., N.Y. 

Jaklitsch, Louis Joseph (J’39) (MJCA), Process 
Engr., Sperry Gyroscope Co., Inc., 40 Flatbush 
Ave. Ext., Brooklyn; for mail, 70-16—65th PL 
Glendale 27, N.Y. 

Jakob, Max (’37) (KBSOAZ), Research Prof. of 
Mech. Engrg., Ill. Inst. of Tech. & Armour Re- 
search Foundation, 3300 Federal St., Chicago 16 ; 
for mail, 5412 East View Park, Chicago 15, Til. 

Jakobsson, Gustav Herman (’07), Pat. Atty. & 
Translator, 228 Spruce Ave., Takoma Park, Wash- 
ington 12, D.O. 

James, Carroll D, (J’45), Ensign, 644 W. 7th St., 
Plainfield, N.J. 

James, David T. (J’39), Student Award, 
R.F.D. 1, Frederick, Md. 

James, Hardy Monroe (’42) (J), Box 1296, Mon- 
roe, La. 

James, Ivor G. (J’37), c/o Engrg. Dept., Sunder- 
land Tech. College, Sunderland, Durham, England. 

James, Jack Kenneth (J’43), Box 825, Albuquer- 
que, New Mex. 

James, John R, (’29) (SODFHJ), Sr. Engr., 
Engrg. Div., Detroit Edison Co., 2000—2nd Ave., 
Detroit 26, Mich. 

James, Lourimer Abner (J’45) (DCA), Sales 
Engr., Rudel Mack Co., 137 Wellington St. W., 
Toronto, Ont., Can. 

James, Patrick Henry (J’38) (AZ), Lab. Chief, 
Robert H. Ray, Inc., 2535 Dunstan; for mail, 
8614 Georgetown, Houston 5, Tex. 

James, William Judson (J’42) (NCOAL), Ch. 
Engr., Positel Mfg. Co., Berkeley; for mail, 
2500 Durant Ave., Berkeley 4, Calif. 

James, William Stubbs (’43) (BFNKYJ), Dir., 
ratte a Research, Ford Motor Co., Dearborn, 

ich. 

Jameson, Albert Stapleton (J’41) (SKLZFB), 
ee & Devel. Engr., Elliott Co., Jeannette, 

a. 

Jameson, Stanley L. (’31; ’44) (OCLMK), Engr., 
Gen. Elec. Co., Schenectady; for mail, 402 
Ballston Rd., Schenectady 2, N.Y. 

Jamison, Charles Chambers, III (J’45), Aviation 
Gas Turbine Div., Westinghouse Elec. Corp., 
Lester Branch P.O., Philadelphia 13; for mail, 
1320 Lincoln Ave., Prospect Park, Pa. 

Jamison, George Stillwell (18; 734) (CAH), 
Secy., Engr., Glens Falls Ins. Co., 191 Glen St., 
Glens Falls, N.Y. 

Jamron, Richard (J’43) (NBMCAO), Engr., East- 
man Kodak Co., Kodak Park, Rochester ; for mail, 
44 Sodus St., Rochester 9, N.Y. 

Janas, Leo John (’37; 45) (CMO), Indus. Engr., 
Republic Steel Corp., 116th & Burley Sts., Chi- 
cago 17; for mail, 6911 S. Kimbark Ave., Chi- 
cago 87, Ill. 

Janco, Nathan (’32;’45) (JCANMR), Pres., Cen- 
pren Casting Mch. Co., Box 947, Tulsa 1, 
Okla. 

Janda, James Frank (’28) (DONYMB), Ch. Sales 
Engr., Barber-Greene Co.; for moil, 122 8. Har- 
rison Ave., Aurora, Ill. 

Janda, Rudolph William (744) (BJL), Ch. Mech, 
Engr., Ceco Steel Products Corp., 5701 W. 26th 
St., Cicero; for mail, 6938 Riverside Dr., Berwyn, 
I 


Jandrisevits, Peter (J’33) (KLS), Mech. Engr., 
Merck & Co., Inc., Rahway; for mail, 155 High- 
land Ave., Metuchen, N.J. 

Janes, Andrew Mead (J’45) (NJOEBC), Lt., 
Corps of Engrs., U.S.A., Engr. Officer Rehabili- 
tation Program, 9834th Tech. Serv. Unit, Det. 
4, Army Serv. Forces Trng. Center, Ft. Lewis, 
big pea for mail, 76 Ohristie Ave., River Edge, 


"395 


N.J. 

Janicek, Joseph J. (J’39) (CMWAL), Container 
Corp. of Am., 404 E. North Water St., Chicago ; 
for mail, 8014 S. Sangamon St., Chicago 20, Il. 

Janitsch, Anthony Duchesnay (J’42) (DCL), 
Engr., Stephens-Adamson Mfg. Co. of Can., Ltd., 
Belleville, Ont., Can. 

Jannett, Anthony Vernigud, III (J’32) (CDL 
TY), Capt., Sanitary Corps, U.S.A., Medical 
Dept., Lawson Gen. Hospital, Atlanta, Ga.; for 
mail, 1533—41st St., Belview Heights, Birming- 
ham 8, Ala. 

Janousek, Joseph (J’26) (WMC), Dept. Ch. of 
Oper., West. Elec. Co., Inc., 6600 Metropolitan 
Ave., Middle Village; for mail, 46-02—25th Ave., 
Long Island City 3, N.Y. 

Janson, Nils Frederick (J’46) (BCE), 532—5th 
Ave., Watervliet, N.Y. 

Janssen, Earl (J’36), Box 4, Vernon Branch, Los 
Angeles, Calif. 
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JEHLE 


John H. (’24;’85) (SBOEZ), Supvg. 
Turbine Engrg. Dept., Gen. Elec. Co., 744 
2; for mail, 692 Larch Ave., 

Teaneck, N.J. 


Jansson, Martin E, (’31; 735), Comdr., Civil 
Engr. Corps., U.S.N., Civil Engr. Corps Officers 
Sch., Davisville, R.I. 

Oscar E. (J’42) (WCY), Pres., Erik 


Jansson, 
Engr., 
Broad St., Newark 


Jansson, 
Jansson Co., 901-23 E. Girard Ave., Philadelphia 
96. Pas 

Jantac, Arthur R. (J’41) (AER), Eng. Tester, 


Electro-Motive Corp., La Grange; for mail, 2240 
S. 60th Court, Cicero, Il. 

Jantsch, Emil (’42) (SHK), Draftsman, Youngs- 
town Dist., Oarnegie-Ill. Steel Corp., 912 Salt 
Spring Rd.; for mail, 123 S. Lakeview Ave., 
Youngstown 9, Ohio. 

Japikse, Bertrand (’30; 41) (HBAYWD), Asst. 
Mgr., Hyd. Dept., Birdsboro Steel Fdy. & Mch. 
Co., Birdsboro; for mail, 3400 Romig Ave., 


Reiffton, Pa. 
L. (88) (CHK), Center Lane, Del- 


Japp, Albert 
Kurt Wade (’34) (CLM), Treasurer, ’44 to 


mar, N. 
Jappe, 
32 W. 40th St., New York 18, 


date; Retired; 


NY. 

Jaqua, George Remig (J’38) (HSZAEL), Power 
Plant & Hyd. Engr., Wright Aero. Corp., 132 
Beckwith Ave., Paterson 3; for mail, 543 Park 
Ave., Paterson 4, N.J. 

Jarcho, Ralph (28; 785; ’37) (CAEMLS), Pres., 
Sutter Constr. Co., Inc., 285 Madison Ave., New 
York; for mail, 99-59—65th Rd., Forest Hills, 

iv 


Werner Christian (’45), Mech. Supt., 
Granite City, Ill; 
Baden Sta., St. Louis 


1s e's 
Jarchow, 

Gen. Steel Castings Corp., 

for mail, 336 Lookout res 


15, Mo. 

Jardh, Wilhelm (’20; 735) (AH), Retired; 1047 
W. 64th St., Los Angeles 44, Calif. 

Jardine, Frank (’22) (ABCEFH), 
Div., Cleveland Branch, Aluminum Co, 
2210 Harvard Ave., Cleveland 5, Ohio. 

Jardine, Thomas 8. (’38) (EKMZDN), Plant 
Engr., United Rexall Drug Co. Ltd., 63 Broad- 
view Ave., Toronto 8; for mail, 15 Newmarket 
Ave., Toronto 13, Ont., Can. 4 

Jarema, John D. (26; *41) (CAM), Project Engr., 
Firestone Tire & Rubber Co., Akron; for mail, 
728 Chestnut Blvd., Cuyahoga Falls, Ohio. 

Jarnagin, James Floyd (24; 442) (CMDJY), Bud- 
get Dept., Dodge Plant, Chrysler Corp., 7900 
Joseph Campau Ave., Detroit 10; for mail, 14475 
Lappin, Detroit 5, Mich. 

Jaros, Alfred L., Jr. (22) (AES), Partner, Jaros, 
Baum & Bolles, 415 Lexington Ave., New York, 


N.Y. 

Jarrell, Gordon James (3739) (MCL), Plant 
Engr., Willard Storage Battery Co. of Can. Ltd., 
269 Campbell Ave., Toronto 9, Ont., Can. 

Jarvis, A. C. G. (J’46), Instrument Control Engr., 
Que. North Shore Paper Co., Ltd.; for mail, Baie 
Comeau, Saguenay Co., Que., Can. 

Jaschka, John H. (’16), Dist. Sales Mer., Natl. 
Malleable & Steel Castings Co., 411 N. 7th St., 
St. Louis 1, Mo. 

Jasis, Peter Gregory (J’42) (BCMNSY), Engr., 
‘Am. Steel Fdys., Canal & Dock St., East Chicago ; 
for mail, 7206 Grand Ave., Hammond, Ind. _ 

Jaski, Frank Edward (’41) (HSBCO), Application 
Engr., Hyd. Dept., Allis-Chalmers Mig. Co., Mil- 
waukee 1; for mail, 156 N. 87th St., Wauwatosa 
13, Wis. 

Jasper, Norman Hans (3°41) (JMY), 6210 Mada- 
waska Rd., Washington 16, D.C. 

Jasper, Thomas McLean (’26) (BJP), Gen. Am. 
Trans. Corp., 135 S. La Salle St., Chicago 90, Ill. 

Jauss, August C, (742) (BLM), 301 W. Providence 
Rd., Aldan, Delaware Co., Pa. 

Jaxon, Leonard Henry (J’45) (CDO), Richardson 
Scale Co., Clifton, N.J. 

(HMI), 


Mer., Devel. 
of Am., 


Jeffcock, Howard Walter (40;745) (HM 
Tool Engr., Morris Mch, Works, Baldwinsville, 


N.Y 

Jeffcott, Robt. C., (’12) Retired; 
Patagonia, Ariz. ; 

Jefferds, Joseph Crosby, Jr. (J’40) (BC), Maj., 
Ord. Dept., Comd. & Gen. Staff Sch., Ft. Leaven- 
worth, Kan. 

Jefferies, Fred’k L. (’00; 705), 

Blackstone Ave., La Grange, Til. 

Jeffers, Frederick James (J’39) (SEFHK), Test- 
man, Westport Sta., Consltd. Gas, Elec. Light & 
Power Co., Baltimore 2; for mail, 225 Hawthorne 
Rd., Baltimore, Md. 

Jeffords, Tom (’29; 735), Supt., Power Prod., 
Pub. Ltg. Comm., City of Detroit, 5425 W. Jef- 
ferson, Detroit 9, Mich. 

Jeffrey, Robert Hutchins (DMBFK3), 
Chmn. of Bd., Jeffrey Mig. E. 1st Ave., 
Columbus 16, Ohio. 

Jeffries, Ernest (’23;732) (BCJM), Asst. Ch. 
Engr., Aluminum Co. ‘of Am., Cressona; for mail, 
1946 Howard Ave., Pottsville, Pa. 

Jeffries, William Raine (J’42) (MNJAYL), Elec- 
tronic Technician’s Mate, 2nd_ Class, >} 
Instr., Naval Trng. Sch., Del Monte, Calif. 

Jeheber, Rodrique Albert (27; 135) (HJEBDY), 
Research & Devel. Engr., United Engrg. & Fdy. 
Co., Ist Natl. Bank Bldg., Pittsburgh Oo) for 
mail, 621 S. Lang Ave., Pittsburgh 8, Pa. 

Jehle, Ferdinand (713; 18; ’26) (KBNSHE), Dir. 
of Engrg., Hoffman Specialty Co., 1001 York St., 
Indianapolis 7, Ind. 


Sunset Hill, 


330 


Retired ; 


(730) 
Co., 


JELINEK 


Jelinek, Donald Edwin (J’43) (AKSHER), Re- 
search Analyst, No. Am. Aviation, Inc., Ingle- 
wood; for mail, 2444 Crenshaw Blvd., Los An- 
geles 16, Calif. 

Jelinek, Julius Joseph (J’39) (BJHC), Research 
Assoc., Univ. of Calif., Berkeley ; for mail, 554— 
80th St., San Francisco, Calif. 

Jelleme, William Oscar (’45), Dir. of Devel., 
Pacific Mills, 1 W. Central Ave., East Newark ; 
for mail, Box 862, Short Hills, N.J. 

Jelter, Earl (J’40) (AM), Prod. Engr., Lockheed 
Aircraft Corp., Burbank; for mail, 308 N. Cen- 
tral, Glendale 3, Calif. 

Jenkins, Donald Ray (J’43) (AKOS), Pacific 
Coast Steam Engr., Westinghouse Elec. Corp., 
420 S. San Pedro St., Los Angeles 18, Calif. 

Jenkins, Francis Grey (’42) (CFJ), Surplus 
Property Buyer, Pur. Dept., Kodak Pk. Works, 
Eastman Kodak Co., Rochester 4, N.Y. 

Jenkins, Harold Brewster (’13; ’22;’85) (OSE 
AL), Ch. Mech. Engr., John W. Harris Associates, 
Inc., 30 Rockefeller Plaza, New York; for mail, 
50 Rushmore Ave., Douglaston, L.I., N.Y. 

Senki: James Gatewood (J’43) (SBEFL), Bart- 
ett, N.H. 

Jenkins, James Leon (J’43) (SRMA), Tool De- 
signer, Hawk-Eye Works, Eastman Kodak OCo., 
1447 St. Paul St., Rochester 5, N.Y. 

Jenkins, John Thomas, Jr. (J’43) (ACM), James 
Robertson Hotel, Nashville 3, Tenn. 

Jenkins, Peter (’21) 110 Fowler Ave., Yonkers, 


N.Y. 

Jenkins, Robert Wilkinson (J’44) (YNBEAH), 
Owner, Wilkinson Jenkins Engrg. & Sales Co., 
HO 506, Charleston; for mail, Yonges Island, 

Cc 


Jenkins, Schuyler VanRensselaer (’34; 738) (LZ 
BNYK), Design Engr., E. I. du Pont de Nemours 
& ce ; for mail, 4018 DeVeaux St., Niagara Falls, 


Jenkins, Svend (J’30), 201 Dean St., Brooklyn, 
N.Y 


Jenks, Frank (J’41), Magnesium Reduction Co., 
Luckey, Ohio. 

Jenks, Glen F, (’09; ’14) (JYBALM), Ool., U.S.A., 
Hered 232 Avondale Ave., Los Angeles 24, 
alif. 

Jenks, Stephen Moore (’23;’34) (CJR), 
Supt., Carnegie-Ill. Steel Corp., 1 
Gary, Ind. 

Jenney, Russell Herbert (J’45) (HPZ), Supt. Gas 
Measurement, Ky. W.Va., Gas Co.; for mail, 2600 
Country Club Court, Ashland, Ky. 

Jennings, Burgess H. (’26;’85;’85) (SEBK), 
Prof. & Chmn., Dept. of Mech. Engrg., Tech. 
Inst., Northwestern Univ., Evanston, Ill. 

Jennings, Donn Ogden (J’41) (CBHS), 
Engr., Container Corp. of Am., 404 E. 
Water St., Chicago 11, Ill. 


Gen, 
Broadway, 


Plant 
North 


Jennings, Edward John (J’42) (HBM), Lt., 
U.S. Office of Asst. Indus. Mgr., =Nay 
Ferry Bldg., San Francisco, Calif. 

Jennings, Francis H. (J'43) (SOEFZD), De- 


signer, Gibbs & Hill, Inc., Pa. Sta., New York 1; 
for mail, 78 Mackey Ave., Port Washington, N.Y. 

Jennings, Frederick Anderson (J’37) (EAH), 
Project Engr., Chrysler Corp., 12800 Oakland 
Ave., Highland Park; for mail, 1653 Taunton 
Rd., Birmingham, Mich. 

Jennings, Irving C. (’08;’15; 718), Pres., Nash 
Engrg. Co., Wilson Rd., South Norwalk, Conn. 
Jennings, James Morton, Jr. (J’44) (MKCES), 
Lt., U.S.N., Naval Air Sta., c/o Aerology, Bldg. 
45, Pensacola, Fla.; for mail, 3155 State St., 

New Orleans 15, La. 

Jennings, James Thomas, Jr. (J’41) (CJMBNO), 
Product Engr., Butler Mfg. Co., 18th & Eastern 
Ave., Kansas City 3, Mo. 

Jennings, Lawrence David (’44) (JNMBC), 
Mech. Engr., Westinghouse Elec. Corp., 469 

1009 George St., 


Sharpsville Ave.; for mail, 
Sharon, Pa. 

Jennings, Uel P. (J’37) (BSH), Mech. Devel. 
Engr., E. I. du Pont de Nemours & Co., Gibbs- 
town; for mail, Box 494, Route 1, Sewell, N.J. 

Jennings, William Arthur (’42) (SFE), Supt., 
Rowland Tompkins & Son, 420 Lexington Ave., 
New York 17, N.Y. 

Jens, Arthur Henry (’35;’41) (COML), Ch. 
Engr., Springfield Fire & Mar. Ins. Co., 222 W. 
Adams St., Chicago 6, Ill. 

Jensen, Charles Black (’44) (LSN), Mech. Engr., 
Armour & Co., Union Stock Yards, Chicago 9, Ill. 

Jensen, Henry Hartwig (J’39) (DCMJ), Engr., 
Staff & Plant Engrg. Dept., Babcock & Wilcox, 
Stirling Ave.; for mail, 228 E. Ford Ave., 
Barberton, Ohio. 

Jensen, Irving Clifford (’45) (SHZOBE), Mech. 
Engr., Pub. Works Dept., Naval Shipyard, Mare 
Island; for mail, Box 422, Route 1, Walnut 
Creek, Calif. 

Seneen, 7: O. (’83), 6345 University Ave., Chicago 

rhe 5 

Jensen, James A, (18;’23;’35) (KM), Pres., 
Quaker City Iron Works, Aramingo Ave. & On- 
tario St., Philadelphia; for mail, 830 Quarry 
Lane, Haverford, Pa. 

Jensen, James Allen (J’45) (EMP), Ensign, 
U.S.N., Colony Hotel, Ocean Dr., Miami Beach, 
Miami, Fla. 

Jensen, Jens Scott (’20;’27) (CFS), Allube 
Corp., 928 Allen Ave., Glendale 1, Calif. 

Jensen, Joseph W. (J’44) (NCBMZY), Asst. Ch. 
Engr., Victor Animatograph Corp., 527 W. 4th 
St.; for mail, 1022 W. 16th St., Davenport, Iowa. 


Jensen, Marion Allison (’26) (CDEMSY), Gen. 
Mer., Prod. & Engrg. Div., Vocam Batteries, Inc., 
Box 1124, Tampa 1; for mail, 4007 San Juan, 
Tampa 6, Fla. 

Jensen, Ove (J’41) (KNFJ), Jr. Mech. Engr., 
F. L. Smidth & Co., 11 W. 42nd St., New York; 
for mail, 220-17—97th Ave., Queens Village 9, 
LAN 

Jensen, Sigurd R. (’31) (EFHLOS), Cons. Engr., 
53 W. Jackson Blvd., Chicago 4, Ill. 

Jensen, Walter Edward (M’45) (NHO), Design 
Engr., Charge Mch. Design, Ill. Watch Case Co., 
853 Dundee Ave., Elgin, Il. 

Jensen, William H, (’40) (SC), Ch. Engr., Calu- 
met Sta., Commonwealth Edison Co., 3200 E. 
100th St., Chicago 17, Il. 

Jenseth, Harold Conrad (J’41) (NBCG), Mech. 
Engr., Gen. Elec. Co., 1 River Rd., Schenectady ; 
for mail, Box 1215, Scotia 2, N.Y. 

Jeppson, Geo. N, (’13), Treas., V.P., Norton Co., 
1 New Bond St., Worcester, Mass. 

Jerauld, Covel T. (J’41), Lt., c/o Air Trans, 
Comd., Control Office, Grenier Field, Manchester, 
N.H. 

Jergens, Andrew N, (’37) (BCJ), Pres., Andrew 
Jergens Co., 2535 Spring Grove Ave., Cincinnati 
22, Ohio. 

Jerger, Joseph J. (’37;’39) (ABHKCS), Ch. 
Aerodynamics Engr., Lark Div., Fairchild Eng. & 
Airplane Co., 184-10 Jamaica Ave., Jamaica}; 
for mail, 8 Dover Pl., Hempstead, L.I., N.Y. 

Jerkovich, Michael Thomas (J’37) (CMJLDB), 
Pvt., Ist Class, U.S.M.C.R., Signal Co., Hdq. Bn., 
6th Mar. Div., F.P.0, San Francisco, Calif. 

Jermy, Laurence Edmund (’27;’35) (NBYMJO), 
Editor, Machine Design, Penton Bldg., Cleveland 
13, Ohio. : 

Jernberg, Evert Herman (J’40) (BSM), 3447 
Polk, N.E., Minneapolis 13, Minn. 

Jernstrom, Karl Walter (J’37) (CO), Mar. Engr., 
with George G. Sharp, Naval Arch., 30 Church 
St., New York, N.Y.; for mail, 51 Oakridge Rd., 
Verona, N.J. 

Jervis, Thomas John (’39) (BAEFJ), Gen. Mgr., 
F, I. Isotta Fraschini, Via Monterosa, Milan, 
aye for mail, 142 Rynda Rd., South Orange, 


Jesatko, John M, (J’40) (BKS), Asst. Engr., Locke 
Insulator Corp., Charles & Cromwell Sts., Balti- 
more 3; for mail, 825 N. Collington Ave., Balti- 
more 5, Md. 

Jessen, Preben (’42) (CDMO), Owner, Preben 
Jessen Co., Chrysler Bldg., New York 17, N.Y.; 
Ge mail, 380—76th Rear House, North Bergen, 


Jessup, Albert Hall (’41) (DH), Ch. Designing 
Engr., Leeds, Hill, Barnard & Jewett, 1000 Edison 
Bldg., Los Angeles 13; for mail, 224 N. Segovia 
Ave,, San Gabriel, Calif. 

Jett, Carter Coleman (’02; ’26) (BG), Prof. Mch. 
Design, Univ. of Ky., Lexington 29, Ky. 

Jett, George C. (’25), Retired; 2629 N. Summit 
Ave., Milwaukee 11, Wis. 

Jett, Lowell F. (J’39), Comdr., U.S.N.R., U.S.S. 
Los Angeles, F.P.O., San Francisco, Calif. 

Jetter, William (’22) (DHJ), Field Engr., SKF 
Industries, Inc., 1242 W. Washington Blvd., 
Chicago 7; for mail, 930 Bonnie Brae, River 
Forest, Il. 

Jewett, Arthur Crawford (’09) (MCG), U.S. 
Office of Education, 26th & Water Sts., N.W., 
Washington 25; for mail, 532—20th St., N.W., 
Washington 6, D.C. 

Jewett, Francis B. (’25;’35), 1165 Hyde Park 
Ave., Boston 36, Mass. 

Jewett, Frank B., Jr. (J’38), 54 Longfellow Rd., 
Wellesley Hills, Mass. 

Jewett, George Lester (’34; 43) (SKBH), Engr., 
Cent. Tech. Dept., Shipbldg. Div., Bethlehem Steel 
Co., Quincy 69; for mail, 29 Lincoln St., Hing- 
ham, Mass. 

Jewson, Herbert Frederick, Jr, (J’38) (EFZKJ), 
Gas Engr., Philadelphia Elec. Co., West Consho- 
hocken; for mail, 665 E. Rector St., Philadelphia 
28, Pa. 

Jezierski, Walter Frank (J’46) (KOS), Lt., 
U.S.N.; 89-06—138th St., Jamaica, N.Y. 

Jimerson, Francis Arthur (’20;’35) (JN), Ch. 
Engr., Pneumatic Tool Div., Ingersoll-Rand Co., 
101 N. Main St., Athens, Pa. 

Joa, Curt G. (’35;'35) (BCJMWT), Pres., Gen. 
Mer., Curt G. Joa, Inc., Sheboygan Falls, Wis. 
Jobes, Harry W. (J’41) (ABR), Capt., Army Air 
Forces, Matériel Center, Rochester Area Office, 
Rochester 7; for mail, 111-45 Farmers Ave., 

Hollis, N.Y. 

Joblove, Louis Julius (J’44) (NAME), Pvt., 1st 
Class, U.S.M.C., Mar. Serv. Sqd, Mar. Aircraft 
Gp. 25, F.P.0., San Francisco, Calif.; for mail, 
1829—68rd St., Brooklyn 4, N.Y. 

Jobst, Conrad (’42) (CJKNZ), Ch. Engr., Owens 
Brush Oo., 901 Buckingham; for mail, 2356 
Torrey Hill Dr., Toledo, Ohio. 

Joeckel, Stanley V. (J’41) (BCJ), Devel. Dept., 
Wallace & Tiernan Co., Inc., 11 Mill St., Belle- 
ville, N.J. 

Joerger, C. Albert (’22;’35) (SFE), Prof. Mech. 
Engrg., Univ. of Cincinnati, Cincinnati 21, Ohio. 

Joers, Joseph Edward (J’44) (NEBOCK), Lt., 
U.S.N.R., Navy Dept., Washington ; for mail, 536 
Peabody St., N.W., Washington 11, D.C. 

Johannes, Edward Gent (J’43) (NZMC), Prod. 
Engr., Gen. Elec. Co., 1 River Rd., Schenectady, 
REY 
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Johannsen, John Frederick (’42) (CDMO), Mgr., 
Export Div., Hyster Co., 2902 N.E. Clackamas 
St., Portland 8; for mail, 2916 N.E. 21st Ave., 
Portland 12, Ore. 

Johansen, Henry (J’37), 8711 Bonsall Ave., 
Drexel Hill, Pa. 

Johler, Robert Andrew (J’42) (LOJMC), Project 
Engr., E. {. du Pont de Nemours & Co., 3500 
Grays Ferry, Philadelphia 46; for mail, 5124 
Cedar Ave., Philadelphia 43, Pa. 

John, Alexander, Jr. (J’37) (CMNJ), Asst. Gen. 
Mgr., Thomas ©. Wilson, Inc., 2111—44th Ave., 
Long Island City 1, N.Y.; for mail, 523—Ist St., 
Palisades Park, N.J. 

John, Carl Frank (’45) (SFCEKO), Asst. to V.P., 
Charge of Power, Wis. Elec. Power Co., 231 W. 
Michigan St., Milwaukee 1; for mail, 3284 N, 
Summit Ave., Milwaukee 11, Wis. 

John, Edw. T. (’21;’30) (CJW), Supt., J. R. 
Clark Co., 2nd Ave. N., & Aldrich St.; for mail, 
5050 Garfield Ave. S., Minneapolis, Minn. 

Johns, Cyrus N, (’27) (CDJ), V.P., Am. Chain & 
Cable Co., Inc., 230 Park Ave., New York, N.Y. 

Johns, Henry Bennett (’43) (CZBM), Research 
Engr., Stevens Inst. of Tech., Hoboken, N.J.; for 
mail, 34 Parkview Pl., Baldwin, N.Y. 

Johns, Robert Wythes (J’44) (ACMYD), Depart- 
mental Asst., Indus. Engrg. Sec., Pan-American 
World Airways, Box 3811, Miami 31, Fla. 

Johns, Willard Lloyd (J’39) (L), Indus. Engr., 
E. I. du Pont de Nemours & Co.; for mail, Box 
73, Parlin, N.J. 

Johnsen, Bjornulf (’22;’35) (NMABYL), Goss & 
Johnsen, 71 Murray St., New York 7, N.Y. 

Johnson, A, E, Fredrick (’44) (CMNDJA), V.P., 
Charge.of Prod., Chicago Metal Hose Corp., 1315 
S. 8rd Ave., Maywood; for mail, 184 S, Martha 
St., Lombard, Il. 

Johnson, Albert Myron (’22) (CM), Pres., Barnes 
Drill Co., 814 Chestnut St.; for mail, 1922 
Clinton St., Rockford, Il. 

Johnson, Albert Pemberton (J’32) (OC), 1625 
Perry St., Columbus, Ohio. 

Johnson, Allen J, (’35) (EFKSR), Mech. Engr., 
Anthracite Inst., 101 Park Ave., New York 17, 
N.Y.; for mail, 344 Congress Ave., Lansdowne, 


a. 

Johnson, Allen Parke, Jr, (J’39) (CDNM), V.-P., 
Charge of Engrg. & Prod., Chase Fdy. & Mfg. Co., 
2300 Parsons Ave., Columbus 7, Ohio. 

Johnson, Andrew Ingwer (J’46), 645 Locust Pl., 
Clinton, Iowa. 

Johnson, Arthur Edward (’90;’92) (AD), Re- 
tired; 2949 Mills Ave., N.E., Washington 18, 


D.O. 

Johnson, Arthur Frederick (’24) (EMHJD), Prof. 
Mech. Engrg., Sch. of Engrg., George Washington 
Univ., Washington, D.C.; for mail, 1208 Oak- 
crest Rd., Arlington, Va. - 

Johnson, Ashmore Clark (J’16) (CLKJ), V-P., 
Downingtown Iron Works, Inc., Wallace Ave., 
Downingtown, Pa. 

berate B. E. (J’19), Family Theatre, Rock- 
ord, Ill. 

Johnson, Boyd Milo (J’22) (FKLS), Chief, Engrg. 
Dept., Carborundum Co., Perth Amboy, N.J. 

Johnson, Bradford Joseph (’40; 45) (CDMJO), 
Mgr., Salvage & Reclamation Div., Reynolds 
Metals Co., 3rd & Grace St., Richmond 19, Va. 

Johnson, Bradley S. (’09;’13), Sales Engr., 

’ W. H. Miner, Inc., 667 The Rookery, Chicago, 


GUE 

Johnson, Carl Edmund (’40;’45) (JBFCMR), 
Product Engr., Scaife Co., Oakmont; for mail, 
Box 242, R.D. 2, Verona, Pa. 

Johnson, Charles Lewis (J’30) (OMYHLG), 
Treas. Shop Mgr., Charleston Elec. Supply Co., 
914 Kanawha Blvd. E., Charleston 29, W.Va. 

Johnson, Charles Thomas (J’45), York Corp.; 
for mail, Y.M.C.A., York, Pa. 

Johnson, Charles Wesley (J’30) (CMNB), Part- 
ner, Mgr., Amarillo Welding & Mch. Works, 217 
N. Polk St., Amarillo, Tex. 

Johnson, Charles William (J’46), 2926 N. 77th 
Court, Chicago 35, Ill. 

Johnson, Clarence Gardiner (’18) (0), Cons. 
Engr., 39 S, La Salle St., Chicago; for mail, 
202 S. Madison Ave., La Grange, Ill. 

Johnson, Clinton Victor (42) (MBNALC), Mgr., 
Engrg. & Sales, Johnson Gage Co., 534 Cottage 
Grove Rd., Bloomfield, Conn. 

Johnson, Daniel Calvin (J’44) (AH), Design 
Engr., Aviation Gas Turbine Div., Westinghouse 
Elec. Corp., Lester Branch P.O., Philadelphia ; 
for mail, 403 N. Monroe St., Media, Pa. 

Johnson, Darrel Vernon (J’40) (AENFBJ), 1st 
Pilot, Capt., Internatl. Div., Transcontinental & 
West. Air, Inc., 10 Richards Rd., Kansas City, 
Mo. ; for mail, 515 N. Oak St., Falls Church, Va. 

Johnson, Donald Seiz (J’43) (MACZBN), Pvt., 
1st Class, A.U.S., Hdq. & Hdqg. Det., 1325th 
Serv. Comd. Unit, Sta. Complement, Indiantown 
Gap Military Reservation, Indiantown Gap; for 
mail, 44—6th Ave., Collegeville, Pa. 

Johnson, Douglas 0. (’45) (BEHOZJ), Partner, 
Johnson-Fagg Engrg. Co., 313 Thompson Bldg., 
Tulsa 1; for mail, 1630 E. 35th St., Tulsa 5, 
Okla. 

Johnson, E, Sigurd (J’43) (CMWADY), Oons.- 


Indus. Engr., 211 Westminster Ave., Syracuse 
LOSING Y 5 
Johnson, Edward Andrew (J’40) (ZLCYSH), 


Sales Engr., Proportioneers, Inc., 9. Codding St., 
Providence 1; for mail, 86 Princeton Ave., Provi- 
dence 7, R.I. 
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}fohnson, Einar John (J’45) (RSW), 7143 8S. 


|) Johnson, 


| 


munities 


4 


2 NG 
‘Johnson, 


\{Johnson, 


‘Johnson, 


' Johnson, 


' Johnson, 


reieas 


“Johnson, Harley A. (’34) (CMR), 


nent 


* Johnson, 


aatyeny 


Chicago 19, Ill. 

‘fohnson, Elmer Gardner (ABKCON), Chief, Spec. 
Devel. Unit, Wind Tunnel Branch, Army Air 
Forces, Wright Field, Dayton ; for mail, 64 N. 
Grand Ave., Osborn, Ohio. 

Eric Goodwin (721) (JMY), Head, 
Mch. Dept., Sch. of Indus. Arts, W. State St., 

- Trenton 8, N.J. 

Johnson, Ernest Clayton (38) (ORSCKF), Exec. 

' Y.P., Gibbs & Hill, Inc., Pa. Sta., New York 1, 


Vernon Ave., 


Floyd Frederick (A’45) (JKSFE), Asst. 
Div. of Indus. Safety, Dept. 
State of Calif., 309 Balboa 
for mail, 1805 Francisco 


Boiler Safety Engr., 
of Indus. Relations, 
Bldg., San Francisco 5; 
St., Berkeley 3, Calif. 
WWohnson, Francis E. (16), V.P., M. W. Kellogg 
" Co., 225 Broadway, New York, Nev. 

Fred Ivar (J’43) (CMN), Indus. Engr., 
© No. Furniture Co.; for mail, 1328 Lincoln Ave., 
* Sheboygan, Wis. 


‘Johnson, Fred Richard (J’45) (BCW), 47 Gladys 


* St. (Tiorunda Sec.), Buffalo 23, N.Y. 
‘Johnson, Fred’k M. (J’38) (BJM), Sales Engr., 
* Ww. F. & John Barnes Co., 301 Water St.; for 
mail, 613 Summit St., Rockford, Il. 
‘Johnson, Fred’k P. (J’38), 28 Woodbine Ayve., 
© New Rochelle, N.Y. 
‘Johnson, George Albert (J’44) (CJKLOS), Sr. 
Mech. Engr., Smith-Hinchman & Gryll, Inc., 800 
Marquette Bldg., Detroit; for mail, 7639 Kendall 
Ave., Dearborn, Mich. 
George Arthur (715) (RCM), Exec. 
V.p., W. H. Miner, Inc., 667—209 S. La Salle 
St., Chicago 4, Ill. 
George Dugan (’44) (SHOC), Hyd. 
Enegr., S. Morgan Smith Co., York, Pa. 
George Tewksbury (’14; ’22) (RECT 
SD), Pres., Gen. Mgr., Buckeye Steel Castings 
Co., 2211 Parsons Ave., Columbus 7, Ohio. 
Johnson, Hamilton (’27), Prof. Mech. Engrg., 
La. State Univ., Baton Rouge, La. 
Gen. Mer. for 
Trustees, Chicago Rapid Transit Co, 72 W. 
Adams St., Chicago; for mail, 322 S. Oak Park 
Ave., Oak Park, Ill. 


' Johnson, Harold Alexander (J’44) (SKHEFA), 


Asst. Prof. Mech. Engrg., Univ. of Calif., 

Berkeley 4; for mail, 5140 Proctor Ave., Oak- 

land 11, Calif. 

Harold K. 
Engr., Chapman Valve Mfg. Co., Pinevale St., 
Indian Orchard; for mail, 33 Wellesley St., 
Springfield 9, Mass. 

Johnson, Harold Thurston (3°43) (ABCENJ), 
Stress Analyst, Consltd. Vultee Aireraft Corp., 
Ft. Worth; for mail, 1732 Ashland St., Ft. 


Worth 7, Tex. 

Johnson, Herbert ©. (J’41), 821 W. 16th St., 
Sioux Falls, S8.D. 

Johnson, Herman Henry (726; ’°83;’°35) (SFO), 
Asst. Engr., Mech. Engrg. Dept., Boiler Div., 
Consltd. Edison Co. of New York, Inc., 4 Irving 
Pl., New York 3; for mail, 730 Riverside Dr., 


New York 381, N.Y. 
Johnson, Horace Adam (’38) (SCFNO), Asst. 
V.P., Gibbs & Hill, Inc., Pa. Sta., New York 1, 
West Engle- 


N.Y.; for mail, 123 Howland Ave., 


(744) (BNMC), Asst. Tool 


wood, N.J. 
Johnson, Hugo Ellwood (745) (EOS), Sales 
Engr., Edward Valve & Mfg. Co., Inc., 1200 W. 


145th St., East Chicago, Ind. ; 
Oglesby Ave., Chicago 49, Tl. 

Johnson, Ira 0., Jr. (J’40) (ZAMKBN), Engr., 
pee Sylphon Co., Kingston Pike, Knoxville, 

enn. 

Johnson, Ivar Conrad (J’44) (AJW), 125—4th 
Ave., Cochrane, Ont., Can. 

Johnson, J. Adolph (’16) (AEM), Factory Mer., 
Bade-Cummins Mfg. Co., 3401 Jewel St.; for 
mail, 4517 Western Pkwy., Louisville 12, Ky. 

Johnson, J. Marshall (’39) (SHFCKE), Asst. 
Prod. Engr., Tenn. Valley Authority, Power 
Bldg., Chattanoora; for mail, 1108 Hanover, 
Chattanooga 5, Tenn. 

Johnson, James Albert (J’44) (BCMDNY), Prod. 
Engr., Elgin Natl. Watch Co., 107 National St. ; 
for mail, 361 Elm St., Elgin 1, Ml. 

Johnson, James Gaston (J'44) (AOR), 2nd Lt., 
U.S.M.C.R., Co. D, Replacement Bn., Transit 
Center, Mar. Aircraft, Fleet Marine Force, Pa- 
cific, F.P.0., San Francisco, Calif.; for mail, 
Box 84, R.D. 1, Rocky Mount, N.C. 

Johnson, James W. (717; 725), Pres., Johnson, 
Inc., 95 Liberty St., New York, N.Y. 

Johnson, Jerome Allen (’45) (DH), Fire Pro- 
tection Engr., Factory Ins. Assn., 555 Asylum 
St., Hartford, Conn.; for mail, 290 W. 11th St., 
New York, N.Y. 

Johnson, John Algot (J’43) (AEKGBC), Exec. 


for mail, 6816 


Engr., Bendix Helicopter Ine., 50 Rockefeller 
Plaza, New York, N.Y.; for mail, 2 Cove View 
Dr., Stamford, Conn. 

Johnson, John Eskil (A’43), Asst. Dir., Pub. 
Relations, Gen. Motors Corp., 2044 W. Grand 
Blvd., Detroit 2, Mich. 

Johnson, John Morrison (J’45) (BES), 6 E. 


Newfield Way, Cynwyd, Montgomery Co., Pa. 
Johnson, Joseph Benjamin (’20) (SFELKH), 
Ch. Mech. Engr., Pub. Serv. Dept., City of Bur- 
bank, 174 W. Magnolia Blvd., Burbank, Calif. 
Johnson, Joseph Blaine ('18; 243728) (CNM 
AJ), V.P., Gen. Mgr., Bryant Chucking Grinder 
Co., 257 Clinton St., Springfield, Vt. 


Johnson, Joseph Edward (A’45) (FG), Dist. 
Mgr., Peabody Coal Co., 17 Battery Pl.; for 
mail, 230 Riverside Dr., New York, Nay. 

Johnson, Joseph Emery, Jr. (J’44) (HJEBNO), 
Sales Engr., Tex. Automatic Sprinkler Co., 2330 
Summer St., Dallas; for mail, 3428 Stanford St., 
Dallas 5, Tex. 

Johnson, Karl Einar (J’42) (SMCAK), Megr., 
Charge Sales & Engrg., Rm. 200, J. F. Pritchard 
& Co., 205 W. Wacker Dr., Chicago 6, Il. 

Johnson, Kurth Hilding (J’41) (CDGLMZ), Supt. 
Emulsion Mfg., Photo Prod. Dept., I. du 
Pont de Nemours & Co. ; 


Parlin, N.J. 
Johnson, Lawrence Victor (J’44) (AE), Pvt.; 
1298th Engr. Combat Bn., 


Ist Class, Co. .A, 
A.P.O. 929, c/o Postmaster, San Francisco, 


Calif. 

Johnson, Leon Henry (’39) (OMJL), Ch. Engr., 
Struthers-Wells Corp.; for mail, 500—5th Ave., 
Warren, Pa. 

Johnson, Lester William (J’41) (HE), Ensign, 
0-V(S), U.S.N.R., Naval Torpedo Sta., Newport, 
R.L 5 for mail, 597 Belvidere Ave., Phillipsburg, 


N.J. 
Johnson, Lloyd M. (’33) (CS), Comm. of Sts. & 


LER G 
for mail, du Pont Club, 


Electricity, City of Chicago, 710 City Hall, 
Chicago, Ill. 
Johnson, Lowell Curtis (J’42) (CMAF), Box 


254, North Bend, Neb. 

Johnson, Martin M. (22; ’38) (BKS), Hotel St. 
George, Brooklyn, N.Y. 

Johnson, Nathan Clarke (’42), 260 Glennwood 
Rd., Englewood, N.J. 

Johnson, Owen Champlin (J’42) (ACG), Tool 
Designer, Northrop Aircraft, Ine., Hawthorne ; 
for mail, 3305-D W. 88rd St., Inglewood, Calif. 

Johnson, Paul A., Jr. (J’46), Dake Eng. Co., 
Grand Haven, Mich. 

Johnson, Paul Emmer (J’44) (AES), Specifica- 
tions Engr., Carnegie-Ill. Steel Corp., N. Broad- 
way; for mail, 550 Jackson St., Gary, Ind. 

Johnson, Philip A. (A’30), Treas., Hampton Co., 
Easthampton, Mass.; for mail, Norwichtown, 


Conn. 

Johnson, Ralph Paine ('39) (RKFBEJ), Ch. 
Engr., Baldwin Loco. Works, Philadelphia 42, Pa, 

Johnson, Rawleigh Mac (’44) (SNOEZ), Engr., 
Charge Engrg. Test Dept., Ingersoll-Rand Co., 
Phillipsburg, N.J.; for matl, 381 Shawnee Dr., 
Easton, Pa. 

Johnson, Raymond Carldon (’44) (BDFKES), 
.P., Charge of Research, Anthracite Inst., 
Primos, Del. Co., Pa. 

Johnson, Richard Paul (’45) (CDL), 539 San- 
ford Ave., Newark, N.J. 

Johnson, Robert Howard (J’44) (ABHEGS), 
Engr., Research "Lab., Gen. Elec. Co., 1 River 
Rd.; for mail, 8 Washington Ave., Schenectady 


iy NENG ; 

Johnson, Robt. L. (39), Robt. L, Johnson Co., 
328 Monadnock Bldg., San Francisco ; for mail, 
22 Sonia St., Oakland, Calif. 

Johnson, Robert Lawrence (J’42) (EAKJBD), 
Asst. Mech. Engr., Aireraft Eng. Research Lab., 
Natl. Advis. Com. for Aero., Municipal Airport, 
Cleveland; for mail, 1360 West Clifton, Lake- 
wood, Ohio. 

Johnson, Robert Marro (J’42) (JBM), 14343 
Forrer, Detroit, Mich. 
Johnson. Robert Vernon (J’41) (MNOJHA), 9346 

S. Leavitt St., Chicago 20, Ill. 

Johnson, Roy Edwin (’25; 728; 734) (BCL), 
V.P., Arenco Mch. O©o., Inc., 25 W. 48rd St., 
New York, N.Y. 

Johnson, Roy Ernest (J’40) (KLS), Plant Engr., 
Albemarle Paper Mfg. Co., Richmond; for mail, 
3905 Decatur St., Richmond 24, Va. 

Johnson, Roy F, (741) (RBJWAC), Research 
Engr., Pullman Standard Car Mfg. Co., 79 E. 
Adams St., Chicago 3, Ill. 

Johnson, Ruben Emmons (’32) (EKS), Head 
Mar. Engr., Code 260, Design Branch, Puget 
Sound Naval Shipyard, Bremerton, Wash. 

Johnson, Russell Arthur (J’41) (OCMA), Engr., 
Chicago Branch, Frigidare Sales Corp., 661 _N. 
La Salle St., Chicago 10; for mail, 2950 Des 
Plaines Ave., Riverside, Il 

Johnson, Samuel E., Jr. (J’38), Ensign, U.S.N.R. ; 
603 Dreams Landing, Annapolis, Md. 

Johnson, Sidney, Jr. (J’46), Engr., Charge of 
Spec. Projects, Barre Wool Combing Co., Ltd., 
South Barre, Mass. 

Johnson, Sigurd Olaf (J’42) (KSAEHB), Mech. 
Engr., Buffalo Forge Co., 490 Broadway, Buffalo ; 
for mail, 267 Elmwood Ave., Buffalo 9, N.Y. 

Johnson, Sigurd T. (’44) (BCDKSZ), Plant Engr., 
Am, Smelting & Refining Co., Garfield, Utah. 

Johnson, Theodore Somers (J’38) (AE), Socony- 
Vacuum Oil Co., Inc., 62, Sharia Ibrahim Pasha, 
Cairo, Egypt. 

Johnson, Theodore Woolsey (’00 ; 713) (GABNS), 
Capt., U.S.N., Retired; 11 Acton Pl., Annapolis, 


Theodore Woolsey, Jr. (J’30) (AJO 
U.S.N.R., Air Maint. Officer, 
New York, N.Y. ; 
Annapolis, 


Md. 
Johnson, 
HM), Lt. Comdr., 
U.S.S. Franklin, c/o Postmaster, 
for mail, 102 Severn Ave., Wardour, 


Md. 
Johnson, Thomas L. (J’42) (COMAY), Engr., 
Gen. Elec. Co., 1 River Rd., for mail, 963 Cleve- 

Jand Ave., Schenectady 6, N.Y. 

Johnson, Victor Emanuel (’44) (SFHK), Applica- 

tion Engr., Westinghouse Elec. Corp., 538 N. 

Broadway, Milwaukee 2; for mail, 4101 N. Wood- 


purn St., Milwaukee 11, Wis. 
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(J’37) (MYZJ), Design 
N. 3rd St., Minneapolis 1; 
St., N.E., Minneapolis 


Johnson, Vincent A. 
Engr., Maico Co., 21 
for mail, 3246 Buchanan 
13, Minn. ; 

Johnson, Waldon Tulien (J’42) (AJE), Ensign, 
Naval Ord. Lab. Exper. Facility, Hiwassee Dam, 


N.O. 

Johnson, Wallace A. (J’41) (CMLDEA), Factory 
Engr., East Cleveland Lamp Works, Gen. Elec. 
Co., Nela_ Park, Cleveland 12, Ohio. 

Johnson, Walter A. (’35; ’45) (NMOBJR), Assoc. 
Prof. Mch. Design, Cornell Univ., 303 E. Sibley, 
Ithaca, N.Y. 

Johnson, Warren (A’04), Chmn. of Bd., Todd- 
Johnson Dry Docks, Inc., Box 239, New Orleans, 


La. 

Johnson, Wayne G. (3°36) (CO), Sr. Staff Engr., 
Fry, Lawson & Co., 135 S. La Salle St., Chi- 
cago 8, Ill. 

Johnson, Wilfrid E. (730; 184+ °35) (ACBMRE), 
Pi Tau Sigma Medallist, ’38 ; Mer. Engrg. Div., 
Gen, Elec. Co., 5 Lawrence St., Blomfield; for 
mail, 48 Baker Rd., Livingston, N.J. 

Johnson, William Frank (J’42), Sales Engr., 
Harper-Wyman Co., 8562 Vincennes, Chicago 
20, Ill.; for mail, 826 Taft St., Gary, Ind. 

Johnson, William Frederick (J’41), 2nd 
0.8.B.C. 25, Field Arty. Sch., Ft. Sill, Okla. 

Johnson, William Henry (720; 735) (BFK), Asst. 
Indus. Engr., Mich. Consitd. Gas Co., 415 Clif- 
ford St., Detroit 26; for mail, 13340 Coyle Ave., 
Detroit 27, Mich. 

Johnson, Wistar W. (32) (PKS), Engr. Gen. 
Elec. Co.; for mail, 12 Concord St., Lynn, Mass. 

Johnston, Elmer (J’40) (ACG), Maj., 2nd Re- 
placement Regt., Army Ground Forces, Replace- 
ment Depot 2, Ft. Ord, Calif. 

Johnston, Carlton Halley (44) (HL), Hyd. 
Engr., Bushnell Controls 
9th St., Los Angeles 15; 
Rd., San Marino 9, Calif. 

Johnston, Clarence Nettleton (40) (HK), Assoc. 
Irrigation Engr., Asst. Prof. of Energ., Irriga- 
tion Div., College of Agric., Univ. of Calif.; for 
mail, 42 College Park, Davis, Calif. 

Johnston, D. Bruce (43) (NJBDHO), Partner, 
McPhee & Johnston, 90 West St., New York 6, 


Lt., 


& Equip. Co., 117 W. 
for mail, 705 Winthrop 


N.Y. 

Johnston, George %. (727; 35) (EB), 402 Brown 

St., St. Clair, Mich. 

Johnston, James Ambler (’07; 721) (0), Carneal, 
Johnston & Wright, 1000 Atlantic Life Bldg., 
Richmond 19, Va. 

Johnston, Kenneth Mackenzie (30) (CDFLS), 
Managing Dir., Reynolds Sons & Partners (Pty-) 
Ltd., Box 4561, Johannesburg, S. Africa. 

Johnston, Paul 5 IC RRs 726')5 Head, Dept. of 
Physics & Elec., Ohio Mechanics Inst., Walnut 
St. & Central Pkwy.) Cincinnati, Ohio. 

Johnston, R. M. (339), Lt. G8), U.S.N.R. 3 
192 Duke of Gloucester St., Annapolis, Md. 

Johnston, Robert pate Oe ICR: 6 Alton 
Rd., Delarue Manor, Yardley, Pa. 

Johnston, William Alexander (J’43) (BIZ), 
Mech. Engr., Mar. Div., Bendix Aviation Corp., 
1 Hanson Pl., Brooklyn, oy for mail, 1304— 
78rd St., North Bergen, N-v- 

Johnston, William Hartshorne (J’44), 1637 S. 
Jefferson Davis Pkwy., New Orleans, La. 

Johnston, William Saunderson (44) (ACMG), 
Firm of W. S. Johnston, 222 N. Hermitage Ave., 
Trenton 8, N.J. é 

Johnston, William Stanley (’23; ’26) (SKF), 
Sanderson & Porter, 52 William St., New York 5, 


N.Y. 

Jolly, Thomas D. (’28) (BCDMNO), V.P., Charge 
of Engrg. & Purchases, Aluminum Co. of Am., 
801 Gulf Bldg., Pittsburgh 19, Pa. . 

Jones, A. Darby (J’41), 1002 Guilford Ave., 
Greensboro, N.C. 

Jones, Albert I. 792) (CDM), Factory Mer., 
Pfaudler Co., 89 East Ave.; for mail, 869 Maple- 
wood Ave., Rochester, N.Y. ; 

Jones, Alfred (718) (MHNDY), Retired; 213 N. 


West End Ave., Lancaster, Pa. ; 
o Livingston (J’43) (NMEC), Ship 


s, Allan 

ee Officer, U.S.N., Box 71, Route 1, Orange, 
Calif. 

Jones, Allan Theodore (J’43) (DFHKNZ), Ch. 
Ener., S.A. Armstrong Ltd., 115 duPont St., 
Toronto, Ont., Can. 

Jones, Alton DuBois (J’41) (AJM), 1st It., 


Bnerge. Officer, Army Air Forces, Overseas ; for 
19 Electric Ave., West Somerville 44, Mass. 

Jones, Bassett (742), Retired; Nantucket Island, 
Mass. 

Jones, Carl Lee (3°37) (OCDEAS), 508 B. Central 
Ave., Valdosta, Ga. 

Jones, Carlton W. (’42), Manchester, Md. Lio? 

Jones, Cecil Edmund (746) (BHJ), Designing 
Engr., Shovel & Crane Div., Lima Loco. Works ; 
for mail, 417 Mobel Ave., Lima, Ohio. 

Jones, Charles Coleman (726) (CEOZ), Supt., 
Engrg. Div., Philadelphia Gas Works Co., 1800 
N. 9th St., Philadelphia 22; for mail, 226 KE. 
Highland Ave., Philadelphia 18, Pa. 

Jones, David J. (718 ; °30) (DFSRHB), Mech. 
Asst. Ill. Cent. System, 135 EB. 11th Pl. Chi- 
cago 5; for mail, 705 B. 88th Pl., Chicago 19, 


Ill. 

Jones, David T. (’98; 204), Gen. Mgr., Wilbrahanr 
Green Div., Roots-Connersville Blower Corp. * 
for mail; 818 High St., Pottstown, Pa. 

Jones, Donald D. (J’38) (CJL), Extruded Plastics 
Inc., New Canaan Ave., Norwalk, Conn. 
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Jones, Don R, A. (J’41) (EFKZHS), Indus. Gas 
Engr., So. Calif. Gas Co., 515 E. Compton Blvd. ; 
for mail, 404 S. Chester Ave., Compton, Calif. 

Jones, Edward L. (J’40) (BOE), c/o Day & 
Zimmermann, Engrs., Packard Bldg., Philadel- 
phia, Pa. 

Jones, Edward Stratton (’19) (EMSKF), Cons. 
Engr., 58 Sutter St., San Francisco 4, Calif. 
Jones, Ernest (J’ 40) (BCSFHK), Energ. Asst., 
Lever Bros. Ltd., 299 Eastern Ave., Toronto 8, 

Ont., Can. 

Jones, Ernest E, (’24; ’28;’35), Power & Elec. 
Engr., Arnold Print Works; for mail, 36 Beacon 
St., North Adams, Mass. 

Jones, Fiske Reed (’27) (ACM), White St., 
Lunenburg; for mail, Box 482, Fitchburg, Mass. 

Jones, Forrest Emory (’46) (ES), Lt. Col., 
U.S.A. ; Grandview, Mo. 

Jones, Frank Alfred (’35;’44) (JMRACB), Ch. 
Design Engr., Enterprise Wheel & Oar Corp., 
Bristol, Va. ; for mail, 60 Wall St., Bristol, Tenn. 

Jones, Frank Stoddard (J’43) (ACJ), 55 North- 
field Rd., New Rochelle, N.Y. 

Jones, Frederick S. (’43) (OCSWTH), Staff Cons. 
Engr., Socony-Vacuum Oil Co., Inc., 26 Broadway, 
New York 4, N.Y. 

Jones, George Merrell (’38) (CDELRS), Sales 
Mgr., Landes Mchy. Co., 171 W. South Temple, 
Salt Lake City 1; for mail, 319 Douglas St., 
Salt Lake City 2, Utah. 

Jones, Harlen R, E, (J’31), Safety Engr., Royal 
Indemnity Co.; for mail, 129 S. King St., Hon- 
olulu, T.H. 

Jones, Harold L. (’19; 25; ’26), V.P., W.W. 
Farrier Co., 44 Montgomery St., Jersey City, N.J. 

Jones, Henry R. (J’31) (JLM), Gen. Chem. Oo. ; 
for mail, 27—5th St., Pulaski, Va. 

Jones, Henry Stewart (’42), Clewiston, Fla. 

Jones, Homer L. (J’38) (CDJ), Lt., Corps of 
Engrs. U.S.A., Philippine Dept., Ft. McKinley, 
enue, P.I.; for mail, 167 Clay St., Rochester, 


a 

Jones, Houston (J’41) (CM), Test Engr., Gen. 
Elec. Co., 1 River Rd., Schenectady; for mail, 
1567 Union St., Schenectady 8, N.Y. 

Jones, J. Arnold (J’41) (AEF), Mer., Lubricants 
Research, Kendall Refining Co., Bradford, Pa. 

Jones, James Bernard (’23;’35) (EFHS), Head, 


Dept. of Mech. Engrg., Va. Poly. Inst., Box 
205, Blacksburg 8, Va. 
Jones, James Beverly (J’44), Sch. of Mech. 


Engrg., Purdue Univ.; for mail, 1202 North St., 
Lafayette, Ind. 

Jones, Mrs, James Beverly (J’45) (AES), 1202 
North St., Lafayette, Ind. 

Jones, James Dyer (’21) (CDFJLO), V.P., Charge 
of Engrg., H. A. Brassert & Co., 60 E. 42nd 
St., New York 17, N.Y. 

Jones, James Robert (J’44) (SFERCA), Serv. 
Engr., No. Ill. Coal Corp., 810 S. Michigan Ave., 
Chicago 4, Ill. 

Jones, John Delbert (’44) (EHON), M.M., Pipe 
ua Div., Gulf Refining Co., Box 661, Tulsa 2, 

a. 

Jones, John Franklin (J’42) (ABKEN), Design 
Calculations, Chrysler Corp., Box 1919, Detroit 
81; for mail, 1611 Cortland Ave., Detroit 6, 
Mich. 

Jones, John Gething (’40) (COL), Assoc., Robert 
Heller & Associates, Inc., 1052 Union Commerce 
Bldg., Cleveland 14; for mail, 41 W. Patterson 
Ave., Columbus, Ohio. 

Jones, John Kenneth (J’44), Lt., U.S.N.R., Naval 
Degaussing Sta., Naval Base, Pearl Harbor, T.H., 
Navy 128, F.P.0., San Francisco, Calif.; for 
mail, 1819 Dunstan Rd., Houston 5, Tex. 

Jones, John Lucien (’43) (SKEFHG), Asst. Prof., 
Mech. Engrg., Va. Poly. Inst., Box 645, Blacks- 
burg, Va. 

Jones, Kenneth A, 
Chattanooga, Tenn. 

Jones, Leslie William (45) (NBMGJY), Product 
Engr., Hilliard Corp., 102 W. 4th St.; for mail, 
176 Bower Rd., Elmira, ING 

Jones, Lewis (15), MeKay Mch. Co., Rayen & 
Foster Sts., Youngstown 2, Ohio. 

Jones, Lloyd B, (’16) (SFJR), Test Engr., west 
Dept., Pa. R.R., Altoona, Pa. 

Jones, Mack M. (42) (KBEH), Cooling ap. 
EPs Airtemp Diy., Chrysler Corp., 119 Leo 

Dayton ; for mail, 58 E. Fairview Ave., Day- 
oe 5, Ohio. 

Jones, Michael D, (42) 120 S. 16th St., 
town, Pa. 

Tones, Morris William (J’32) (J), Co-Partner, 
- ae M. Metal Bonders, 119 Dyer St., Providence 


Jones, Ralph Wilson, Jr. (J’38) (NOMHJZ), 
Mech. Engr., Naval Ord. Test Sta.; for mail, 
Bachelor Officers’ Quarters-C, Naval Ord. Test 
Sta., Inyokern, Calif. 

Jones, Robert M. (J’44) (BOM), Research Engr., 
Stevens Inst. of Tech., Hoboken, N.J. 

Jones, Robert Murph, Jr. (J’45) (NMO), Mech. 
Engr., Designer, Air Conditioning Div., Brown & 
Root, Ine., Box 8, Houston 1; for mail, 1217 
Kenwood St., Houston 6, Tex. 

Jones, Russell Compton (’12;’19) (KS), Pres., 
Griscom-Russell Co., 285 Madison Ave., New York 
BT ING Xr 

Jones, Russell Eugene (’28) (JBKCDH), Ch. 
Engr., Birmingham Tank Co, Div., Ingalls Iron 
Works Co., Birmingham; for mail, 1136—10th 
Pl. °S., Birmingham 5, Ala. 


(J’43), 807 James Bldg., 


Allen- 


Jones, Rutgers Crosby (J’41) (SJ), Acting Ch. 
Inspr., Heine Boiler Div., Combustion Engrg. Co. 
Ine., 5319 Shreve Ave., St. Louis 15, Mo. 

Jones, Samuel B, ve (WSOLKE), 652 Cane 
Run, Harrodsburg, 

Jones, Sidney Wonen en 45) (AESRYF), Ensign, 
U.S.N., Engrg. Officer, U.S.S. San Jacinto, OVL- 
80, FP. O., San Francisco, Calif.; for mail, 911 
Catalonia Ave., Coral Gables, Fla. 

Jones Spencer’ Ainsworth (’44) (OJDBMZ), 
Cons. Engr., 122 E. 42nd St., New York 17, N.Y. 

Jones, Thomas A, (744) (LDSOKC), Ch. Engr., 
Kingan & Co., Inc., Blackford & Maryland Sts., 
Indianapolis 6; for mail, Box 811-J, Route 16, 
Indianapolis, Ind. 

Jones, Walter Alfred (J’43) (AZN), Project 
Engr., Kollsman Instrument Div., Square ‘D” 
Co., 80-08—45th Ave., Elmhurst, cs for mail, 
235 E. 82nd St., New York 28, N.Y 

Jones, Walter Bond (COA 30: 35) (HBNGE), 
Asst. Engr., Bur. of Engrg., City of San Fran- 
cisco, 867 City Hall, San Francisco 12, Calif. 

Jones, Walter F, (720; 35) (JKL), Branch Mgr., 
Carrier Corp., 405 Lexington Ave., New York 17, 


Jones, Walter Idris, Jr. (J’43) (CMJ), Sgt., 
Property Branch, Twin Cities Field Office, Chi- 
cago Ord. Dist., 609—2nd Ave. S., Minneapolis 2, 
Minn.; for mail, 1218 Taylor St., Joliet, Il. 

Jones, William Philip (J’45) (NMOTO), Jr. 
Engr., Product Devel., Chicopee Mfg. Co., Main 
St., Chicopee Falls; for mail, 271 Norfolk St., 
Springfield 9, Mass. 

Joos, Charles E, (’41) (CKS), Mgr., Sales Appa- 


ratus Div., Cochrane Oorp., 17th & Allegheny 
Ave., Philadelphia, Pa. 
Joost, Geo. E, (’29;’85) (CDMNW), Supvg. 


Engr., Engrg. Records Dept., Hyster Co., 2902 
N.E. Clackamas St., Box 4318, Portland 8, Ore. 
Jordan, William A, (’03; 712), Salesman, Essex 
Wire Corp., 457 Frelinghuysen Ave., Newark 5, 
N.J.; for mail, 340 E. 57 St., New York 22, N.Y. 
Jordan, William McCay (J’43), Cpl., Aircraft 
Mechanic, Army Air Forces, 44th Bomber Hdq. & 
Aircraft Sqd., Det. A, Army Air Base, Portland 
oe for matl, 602 Redlands St., Redlands, 

alif. 

Jordre, William Starling (’42) (OSDN), V.P., 
Oberle-Jordre Co., Inc., 613 Traction Bldg., Cin- 
cinnati, Ohio; for mail, Box 986, R.R. 4, Er- 
langer, Ky. 

Jorgensen, Wm, (’22;’42) (BKS), Mar. Design 
fe qs Engrg., N.Y. Shipbldg. Corp., Camden, 


Jorgenson, John George (J’41) (NJA), Devel. 
Engr., Kearney & Trecker Corp., 6784 W. National 
Ave., Milwaukee 14; for mail, 183 E. Capital 
Dr., Hartland, Wis. 

Jorstad, Oswald J. (J’39) (BGS), Babcock & 
Wilcox Co., 85 Liberty St., New York, N.Y.; for 
mail, 184—6th St., N.W., Barberton, Ohio. 

Jory, Robert (726) (SF), Sales Engr., Riley Stoker 
Corp., 103 Park Ave., New York U7, INN G 

Josepho, Anatol M,. (729) (AN), Exper. Engr., 
1229 Wilshire Blvd., Santa Monica, Calif. 

Josephs, John Pearson (J’42) (BE), 1st Lt., Ord. 
Dept., U.S.A.; for mail, Choice St., Bel Air, Md. 

Josephs, Lyman Colt, Jr. (’19; ’25) (EBC), Ch. 
Engr., Automotive Div., Ord. Research & Devel. 
Center, Aberdeen Pree Ground; for mail, 
Bel Air, Harford Co., 

Jouenns Lyman Si III (J’48) (ABC), Lt., 

N.R., Bur. of Aero., Navy Dept., Washington 
oe. 


Josephson, Sidney N, (J’89) (DOCESJ), Designer, 
Natl. Tube Co., Box 508, Gary, Ind. 

Joslyn, Ray Oliver (’31) (CH), Pres., Layne West. 
Co., 1010 W. 39th St., Kansas City 2, Mo. 

Jourdin, Willis W. (’12), 1906 Cincinnati Ave., 
San Antonio 1, Tex. 


Joy, Frank A. (J’44) (CKS), 85 Maple St., 
Malden, Mass. 
Joy, Jos. (17; 21; 735), Sales Engr., Diamond 


Chain & Mfg. Co., Indianapolis, Ind.; for mail, 
Apt. E.B.P.H., 40 Monroe St., New York, N.Y. 
Joy, Richard Pierce (J’43) (AFEC), Jr. Engr., 
Union Oil Co., 

Holly, Pasadena 2, Ualif. 

Joyce, Charles S, (’22) (ABE), Oapt., U.S.N., 
Retired ; Army & Navy Club, Washington 6; BD! C: 

Joyce, Harry B. (31) (FKSW), Consultant Engr., 
616 Commerce Bldg., Erie, Pa. 

Joyce, Reginald (’30; ’45) (WNCBM), V.P., Asst. 
Tech, Dir., Consumers’ Research, Inc.; for mail, 
R.F.D. 1, Washington, N.J. 

Joyce, Richard E. Jr. (J’48) (AGM), Sales 
Engr., Cuno Engrg. Corp.; for mail, 21 Hillcrest 
Terrace, Meriden, Conn. 

Jozefowicz, Edward (J’48) (ABM), Propeller 
Div., Curtiss-Wright Corp., 880 Main St., Stam- 
ford, Conn. 

Jubel, Henry Albert (J’40) (MLN), Prod. Engr., 
Sterling Aluminum Products Co., 2925 N. Market 
St., St. Louis; for mail, 1207 Telegraph Rd., 
Lemay 23, Mo. 

Juchtern, Charles David (’28; ’84; 785) (BFKS), 
Engr., Combustion Engrg. Co., Inc., 200 Madison 
Ave., New York 16; for mail, 80 Princeton St., 
Garden City, N.Y. 

Jud, John Joseph (J’44) (KHSZBF), Test Engr., 
Philco Radio & Television Corp., O & Allegheny 
Ave., Philadelphia; for mail, 3505 Lansing St., 
Philadelphia 36, Pa. 
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Wilmington; for mail, 575 Glen 
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Judd, Charles M, (J’43) (CMJWTD), Prod. Mer., 
Chas. W. Breneman Co., 2045 Reading Rd., 
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Kent, Norman Williamson (’33; ’43) (MCJD), 
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Kent, Robert Sayre (’01; F’42) (LFKS), Pres., 
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Kent, Robert Thurston (705; 719; F’43) (CJM), 
60 Melrose Pl., Montclair, N.J. 

Kent, Robert Willard (’17; 19; 724) (CMDO), 
Partner, Bigelow, Kent, Willard & Co., 75 Fed- 
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Kent, Russell H. (’21; 735) (CLMST), Exec., 
Engr., Kent Mfg. Co., Clifton Heights ; for mail, 
431 Riverview Rd., Swarthmore, Pa. 

Kent, S, Leonard, Jr. (’27) (CHS), 630 Wins- 
ford Rd., Bryn Mawr, Pa. 

Kent, Sidney Louis (J’45) (HSOKAE), Geo- 
physicist, Mech. Research Engr., Hans Lundberg 
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Kent, Thomas Francis (J’45) (ESOKYA), En- 
sien, U.S.N.R., 25 Columbus Ave., North Easton, 
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Kentis, George E., Jr. (J’36) (BHM), Supt., 
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Kenworthy, Joseph Miller, Jr. (J’39) (MCY), 
Stand. Methods Engr., Firestone Tire & Rubber 
Co., Pottstown; for mail, 4523 Pine St., Phila- 
delphia 43, Pa. 

Kenyon, James Maxwell (J’35) (MCJIWYN), 
Dir., Ewbank Works, Entwisle & Kenyon, Ltd. ; 
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Kenyon, Reid L, (’41) (BRNJZK), Assoc. Dir. 


of Research, Research Labs., Am. Rolling Mill 
Co., Middletown, Ohio. 


Kenyon, Van Leslie, Jr. (’44) (SEFKMT), Instr., 


Duke Univ., Durham; for mail, R.F.D. 3, Hills- 
boro, N.C. 
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United Aircraft Corp., South Ave., Bridgeport ; 
for mail, R.F.D. 2, Pine Rock Park, Shelton, 
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Keplinger & Wanenmacher, 
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Keppel, Howard Bird (’29; 35) (F), Partner, 
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Charles Henry (J’32) (BCEFHJ), 
329 Kennedy Bldg., 
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Knox Co., Ferry St., Buffalo; for mail, 251 
Comstock Ave., Buffalo 15, N.Y. 
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Ensign, U.S.N., Naval Mine Depot, Yorktown, 


Va. 

Kerner, Joseph R. (48) (SCEAKZ), Cent. Sta. 
Div., Westinghouse Elec. Corp., 40 Wall St., 
New York 5, N.Y. 
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Kerr, Edward (’28), V.P., Davey Co., Downing- 
town, Pa. 

Kerr, Eugene Wycliff (’02;’08) (FSKLOZ), 
Head, Firm of E. W. Kerr, Cons. Engr., 808 
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a. 
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Kerzel, August (J’32) (NDWOMJ), Design Engr., 
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mail, 291 Winthrop Rd., West Englewood, N.J. 

Ketchum, Eugene Rupert (’44) (SBEHK), Mech. 
Engr., Dow Chem. Co.; for mail, 1322 W. 5th 
St., Freeport, Tex. 

Ketchum, Gardner Mason (J’44) (SEKHBF), 
Instr., Mass. Inst. of Tech., 77 Massachusetts Ave., 
Cambridge 39, Mass. 

Ketchum, Kenneth Woodrow (J’42) (MHJ), 
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Ketchum, Samuel (’08; 17) (BKHMCR), Engrg. 
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Ketler, Charles Pletz (°42) (EAMCH), 117 Maple 
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Ketner, Donald Morrow (J’46), Tenn. Eastman 
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Keto, Jorma Raymond (J’40) (MNDO), Mech. 
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Keuffel, Adolf W. (’30) (JMW), Asst. Secy., 
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Civil Engr. Corps, U.S.N.R., 31st Naval Constr. 
wees for mail, 5759 W. Dakin St., Chicago 34, 
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Engr., Am. Blower Corp., Detroit 32, Mich. 
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Charge of Mfg., M. W. Kellogg Co., Danforth 
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Co., 226 Morris Ave., Newark 3; for mail, 12 
Chestnut St., Kearny, N.J. 
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signer, E. I. du Pont de Nemours & Co,, Wilming- 
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adelphia 31, Pa. 

Kiernan, Bernard Lacoste, Jr. (J’42), Kay 
Engrg. Serv., 202 Interstate Bank Bldg., New 
Orleans 12, La. 
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Kierulff, John Lorenz (J’48) (DSFH), Matis. 
Engr., Bonneville Power Admin., 1300 N.E. 
Union Ave., Portland; for mail, 3333 N.E. 60th 
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Kiesel, George Frederick, Jr. (J’43), 3251 Haw- 
thorne, St. Louis, Mo. 

Kiesel, John 8S. (’27) (CJBHMY), Cons. Engr., 
1220 Woodmont Ave., Williamsport 16, Pa. 

Kiesel, William F,, Jr. (’07) (R), Retired; 909 
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Kieselbach, Henry August (’14;729), Gen. 
Mer., Insulation Dept., Johns-Manville Sales 
Corp., 22 E. 40th St., New York 16, N.Y.; for 
mail, 48 Myrtle Ave., Montclair, N.J. 

Kievit, William Martin (J’42) (CMRA), Engrg. 
Metal Inspr., Stand. Oil Co. of N.J., Box 16, 
Elizabeth ; for mail, 1134 Stiles St., Linden, N.J. 

Kiewit, Alfred L. (J’40), Research Engr., Cin- 
cinnati Gas & Elec. Co., 4th & Main; for mail, 
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Kilduff, Frederic William (A’39) (CMDA), Sr. 
Administrator, Bankers Trust Co., 16 Wall St., 
ai York ; for mail, 61 W. 9th St., New York 11, 


Kilgore, Rather Bowline, Jr. (J’39) (LCF), 
Project Engr., Stand. Oil Co. (Ohio), Midland 
Bldg., Cleveland 15; for mail, 3548 W. 129th 
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Kilgore, Russell Ward (J’38) (RE), Project 
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Killam, Kenneth Amasa (’39) (ONMBCJ), Pres., 
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Killoran, Clarence Henry (J’45) (HOS), Jr. 
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Kimbrough, Jacob ©. (’37; 748) (NJMBD), Mech. 
Engr., Am. Lava Corp., Manufacturers Rd., 
Chattanooga 5; for mail, 220 Hillcrest Ave., 
Chattanooga 4, Tenn. 
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King, Henry F, (’33; ’85) (OM), Ch. Engr., Tech. 
Devel. Div., Sears, Roebuck & Co., Homan Ave., 
Chicago, Ill. 

King, James Edward (J’48), Lt. (j.g.), U.S.N.R., 
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lyst, P-V Engrg. Forum, Inc., Sharon Hill; for 
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Ch. Engr., Smith & Mills Co., 2889 Spring Grove 
Ave., Cincinnati 25; for mail, 4113 Smith Rd., 
Norwood 12, Ohio. 

Kramer, Wilbur C. (’37) (SFKH), Effic. Supt., 
Chicago Dist. Elec. Generating Corp., Box 65, 
Hammond, Ind.; for mail, 10622 Ave. E, Chi- 
eago 17, Ill. 

Kramer, William Henry, Jr. (44) (EFSKLC), 
Sales Engr., Phillips Petroleum Co., 80 Broadway, 
New York 5, N.Y.; for mail, 362 Thomas St., 
Phillipsburg, N. J. 

Kramlich, C. W. (29), 828 N. Broadway, Mil- 
waukee, Wis. 

Kranich, Henry Oscar (’36) (BMN), Engr., 
Libbey-Owens-Ford Glass OCo., FE. Broadway, 
Toledo: for mail, 2454 Hempstead Rd., Toledo 
6, Ohio, 

Krannert, Herman ©. (717; 735) (CDW), Pres., 
Inland Container Corp., Indianapolis, Ind. 

Krantz, Clayton John (J’43), 3018 Logan Ave. 
N., Minneapolis 11, Minn. | 

Krantz, LeRoy J. (J’40) (ABK), Estimating 
Engr., Burge Ice Mch. Co., 218-20 N. Jefferson 
St., Chicago; for mail, 122 8. Cuyler Ave., Oak 
Park, Ill. 


KRASE 


Krase, John Miles (J’44) (KNBCAF), 1234 Mt. 
Vernon Ave., Dayton 5, Ohio. 

Krasner, Morton Harold (J’44), 16 Boston St., 
Malden, Mass. 

Kratz, Alonzo Plumsted (’13;’21) (EFK), Re- 
search Prof., Dept. of Mech. Engrg., Univ. of 
Tll., Urbana, Tl. 
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Mutual Fire Ins. Cos., 184 High St., Boston 10; 
for mail,’ 246 Fairmount Ave., Hyde Park 36, 
Mass. 

Kraus, Charles Edward (’33; 785; ’35) (JMC), 
Owner, Kraus Engrg. Co., 928 Winton ito ING 
for mail, 100 Edgemoor Rd., Rochester 10, N.Y. 

Kraus, Charles Elmer (793) (CHM), Engr., 
Springfield Mch. Tool Co., W. Southern Ave. ; 
for mail, R.D. 1, S. Tecumseh Rd., Springfield, 


Ohio. 
Kraus, Gerard (J’48) (YJZ), Research Fellow, 
Research Lab., Univ. of Cincinnati, 


Applied Sci. 
745) (BES), Asst. 
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Chicago 39, Ill. 

Kuchler, T. C. (’29;’35;’85) (BER), Baldwin 
Loco. Works, Eddystone; for mail, 308 Oak Ave., 
Sharon Hill, Pa. 

Kuechler, Gustave Henry (’45) (ADFGSW), Ex- 
port Div., Combustion Engrg. Co., Inc., 200 
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CB), Lt. (j.g.), U.S.N.R., Sec. Re2G, Rm. 0419, 
Bur. of Ord., Navy Dept., Washington, D.C. ; 
for mail, 511 S. Lincoln Ave., Alliance, Ohio. . 

Kulig, Constantine Walter (J’44) (ACK), 27 
Moore St., Central Falls, R.I. 

Kulik, Nicholas (J’41) (BEK), B-H Aircraft Co., 
ine 27-01 Bridge Plaza N., Long Island City 1, 
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AS.M.E. MEMBERS—ALPHABETICAL LIST 


Kuljian, Harry A. (’21;’24;’27;5’43) (EFLO 
ST), Owner, H. A. Kuljian & Co., 1518 Walnut 
St., Philadelphia 2, Pa. 

Kulka, Siegmund (J’44) (ZCHAW), Exper. Engr., 
Engrg. Labs., Vickers, Inc., 1400 Oakman Blvd., 
etna for mail, 2070 W. Euclid, Detroit 6, 

lich. 

Kullmer, Frank (’32;’35) (CMB), Ch. Engr., 
Soule Steel Co., 1750 Army St., San Francisco 
24, Calif. 

Kumming, Emil (’21;’35), Charge Mech. Engrg. 
oat Century Elec. Co., 1806 Pine St., St. Louis, 

Oo. 

Kun, Irving B. (J’43) (AHL), Engr., I. P. Morris 
Dept., Baldwin Loco. Works, Eddystone ; for mail, 
5624 Lebanon Ave., Philadelphia 31, Pa. 

Kunen, Alfred Edward (J’41) (AJ), Cons. Mech. 
Engr., 17 E. 42nd St., New York, N.Y. 

Kunen, Herbert Kenneth (J’38) (AO), Partner, 
oe ee: Co., 17 E. 42nd St., New York 


17 as 

Kunkel, George Merrill (’21;’37) (NLDO), 
Assoc. Prot., Mech. Engrg. Dept., Bucknell Univ. ; 
for mail, 118 Brown St., Lewisburg, Pa. 

Kunkel, Raymond Erich (J’41) (SFHKDC), Asst. 
to Power Engr., Am. Smelting & Refining Co., 
Garfield; for mail, 1846 Euclid Ave., Salt Lake 
City 4, Utah, 

Kuntny, Gregor Walter (’41) (BMNZ), Brown 
Instrument Co., Wayne & Roberts Ave., Phila- 
delphia 44; for mail, 56 W. Gowen Circle, Mt. 
Airy, Philadelphia 19, Pa. 

eg W. E. (J’40), 1017 Bales Ave., Kansas City, 

0. 

Kunz, Warren (J’44) (ASCEKZ), Asst. Project 
Engr., Exper. Jet Propulsion, Pratt & Whitney 
Aircraft Div., United Aircraft Corp., 400 5S. 
Main St., East Hartford 8; for mail, 46 Wyllys 
St., Glastonbury, Conn. 

Kunz, William J, (’16;’19;’35) (CFKS), Mgr. 
of Drafting, Combustion Engrg. Co., Ine., 200 
Madison Ave., New York 16; for mail, 15 Essex 
Court, Port Washington, L.I., N.Y. 

Kuppenheimer, John Daniel (’382;’44) (SKF), 
Proposition Engr., Combustion Engrg. Co., Inc., 
200 Madison Ave., New York 16, N.Y. 

Kuprick, William (J’41) (AEM), c/o Runyon 
Park, 38 MacArthur Dr., Fords, N.J. 

Kurkjian, Armen Stapan (’22;’35) (BCW), 
Partner & Sales Mgr., Oliver Mchy. Co., 1025 
Clancy St., N.E., Grand Rapids 2; for mail, 552 
Gladstone St., S.E., Grand Rapids 6, Mich. 

Kurrein, Max (’34) (LMJZBC), Prof., Indus. 
Engrg., Supvr. Workshops, Hebrew Tech. Inst., 
Box 910; for mail, Box 955, Haifa, Palestine. 

Kurth, Carl Hanns (’28) (BEM), Cons. Engr., 
Fulton Iron Works Co., Delaware Ave., St. Louis, 


Mo. 

Kurth, Franz J. (’38), Tech. Dir., Anemostat 
Corp. of Am., 10 E. 39th St., New York; for 
mail, 510 Cortlandt Ave., Mamaroneck, N.Y. 

Kurtis, Alan Abraham (J’43) (AFM), 1039 In- 
tervale Ave., New York, N.Y. 

Kurtz, Henry Frederick (’37) (BOM), Sr. Super- 
visory Engr., Bausch & Lomb Optical Co., 685 
St. Paul St., Rochester 2, N.Y. 

Kurtz, John Winfield (’40) (GJNOKB), Head, 
Engrg. Dept., Univ. of Omaha, 62nd & Dodge, 
Omaha; for mail, 5204 Jones St., Omaha 6, Neb. 

Kurzinski, Edward Francis (J’42) (JNKF), 
Ensign, U.S.N.R., Commanding Officer, LSM-87, 
F.P.0., San Francisco, Calif.; for mail, 19 St. 
Marks Pl., Linden, N.J. 

Kurzweil, Robert (J’43) (NOMJHR), Ch. Engr., 
Morey Mchy. Co., 4-57—26th Ave., Astoria 2; 
for mail, 84-10—126th St., Kew Gardens 15, N.Y. 

Kushner, Albert (J’43) (NZMB), Jr. Research 
Engr., Carbide & Carbon Chemicals Corp., 3280 
Broadway, New York 27; for mail, 615 Ocean 
Ave., Brooklyn 26, N.Y. 

Kushnick, Jerome L. (J’42) (KAHMFB), Ensign, 
U.S.N.R., 1914 University Ave., Palo Alto, Calif. 

Kushnick, William Henry (’26;’37) (CD), Exec. 
Dir., Wallace Clark & Co., 521—5th Ave., New 
mores for mail, 60 Algonquin Rd., Tuckahoe, 


Kuska, Milton (J’43) (ACNBEM), Flight Test 
Engr., Airplane Div., Curtiss-Wright Corp., Co- 
lumbus; for mail, 138 W. Oakland Ave., Colum- 
bus 1, Ohio. 

Kuska, Norman (J’43) (A), Detailer, Curtiss- 
Wright Corp., Columbus; for mail, 1448 Neil 
Ave., Columbus 1, Ohio. 

Kussman, William (J’44) (OJFKRY), Ensign, 
U.S.N., “F” Div., U.S.S. Duluth, F.P.0., San 
Francisco, Calif.; for mail, 23-52—122nd St., 
College Point, N.Y. 

Kustas, George J. (J’40) (BKM), Apprentice Die 
Designer, Doehler Die Casting Co., Box 400; for 
mail, 18 Richmond Ave., Batavia, N.Y. 

Kuszezak, Leo (J’43) (BNAJHS), Interviewer, 
Counselor, Detached Enlisted Men’s List, 2nd 
Serv. Comd., 18th Co., Counseling Sec., Separa- 
tion Center, Ft. Dix, N.J. 

Kut, Walter Stanley (J’38) (EKAFS), Lt. (j.g.), 
A-V(S), U.S.N.R., Naval Air Sta., Box G, Key 
Beets Fla. ; for mail, 1 Landry St., New Bedford, 

ass. 

Kutaj, Walter Casimar (J’44) (BNAGKO), Struc. 
Steel Draftsman, M. H. Detrick Co., 111 W. 
Washington St., Chicago 2; for mail, 2311 S. 
Whipple St., Chicago 23, Ill. 

Kuthe, Charles H. (J’32) (ABJN), Tech. Adviser, 
Revere Copper & Brass, Inc., 5851 W. Jefferson 
Ave., Detroit 9, Mich. 


Kutter, Herman L, (’02;’07), Pres., Gen. Mgr., 
Black-Clawson Co., 2nd & Vine Sts.; for mail, 
R.R. 6, Hamilton, Ohio. 

Kutter, Rudolf Ludwig (J’35) (CMJ), Asst. to 
Pres., Black-Clawson Co., 2nd & Vine Sts.; for 
mail, 811 Lawn Ave., Hamilton, Ohio. 

Kuttler, John B, (’28;’34) (SFCZJK), Asst. 
Ch. Engr., Prudential Ins. Co. of Am., 763 Broad 
St., Newark 2; for mail, 642 Scotch Plains Ave., 
Westfield, N.J. 

Kutz, Harry Russell (’44) (CDMY), Brig. Gen., 
U.S.A., Chief, Military Plans & Trng. Serv., Office 
of the Chief of Ord., War Dept., 5D-400 The 
Pentagon, Washington 25; for mail, 1200—16th 
St., N.W., Washington 6, D.C. 

Kutzelman, Elmer George (J’42) (OCMSJB), 
Planning Engr., West. Elec. Co., Inc., 100 Central 
Ave., Kearny; for mail, 190 Bergen Ave., Jersey 
City 5, N.J. 

Kuvin, Leonard (’45), 
Pres., Tubize Rayon Corp., 
York 16, N.Y. 

Kuwada, Gompei (’00) (JMT), 3 Yoshida Ka- 
guraokacho, Sakyoku, Kyoto, Japan. 

Kux, Andrew (’44) (EHK), c/o Occidental Elec. 
Co., Box 466, 409 Grand Ave., Nogales, Ariz. 
Kuylenstjerna, Adolf Leonard (’22), Retired; 

232 Iona Ave., Narberth, Pa. 

Kuzman, Joseph Anthony (J’44) (ABOYNM), 
Electronics & Mechanics Exper. Work, 354 Cor- 
nelia St., Brooklyn 27, N.Y. 

Kwang, Kwong Yung (’99), 39 Race Course Rd., 
British Concession, Tientsin, China. 

Eyburz, Walter Warren (’40) (LMZCOY), Test 
Engr., Swift & Co., Packers & Exchange Ave. ; for 
mail, 4243 N. Winchester Ave., Chicago 13, Tl. 

Louis Christian (’44) (NODKHB), Cons. 
Engr., with Irwin Koenig, 714 Olympic Blvd., 
Los Angeles 7, Calif. 

Kyle, John J, (J’42) (BJKLMS), Project Leader, 
W. K. Mitchell & Co., Inc., 2940 Ellsworth St. ; 
for mail, 2821 Annin, Philadelphia 46, Pa. 

Kyle, Joseph Hertzler (J’41) (MCSERW), Reeds- 
ville, Pa. 

Kyle, Peter Edward (’44) (JBN), Assoc. Prof. 
Mech. Engrg., Mass. Inst. of Tech., Cambridge 39, 
Mass. 

Kyropoulos, Peter R. (J’40) (EAHKBS), Instr. in 
Mech. Engrg., Calif. Inst. of Tech., 1201 E. 
California St., Pasadena 4, Calif. 


Administrative Asst. to 
2 Park Ave., New 
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Laabs, Eric Harry (’17;’22;’29) (BJG), Supvg. 
Engr., Cutler-Hammer, Inc., 12th & St. Paul 
Ave., Milwaukee 1; for mail, 2365 N. 91st St., 
Wauwatosa 13, Wis. 

LaBarre, Floyd, Jr. (J’41) (CMABGS), Unit Head, 
Tech. Data Field Serv. Dept., Propeller Div., 
Curtiss-Wright Corp., Caldwell; for mail, Box 
126, 140 Fox Hill Rd., Rainbow Lakes, Boonton 
R.D., NJ. 

Labastie, Albert Henry (J’46) (BHJ), Asst. 
Engr., Gen. Elec. Co., 920 Western Ave., Lynn ; 
for mail, 2 Village Hill Rd., Belmont, Mass. 

Labberton, John Madison (’37) (SOKRF), Prof. 
Mar. Engrg., N.Y. Univ., 180th St.; for mail, 
114 W. 183rd St., New York 53, N.Y. 

Laboissonniere, Eugene Wilfred (J’42) (BNMJ 
HY), Austin Ave., Greenville, R.I. 

Laboulais, Jean Louis (’386) (BHKNSZ), Project 
Engr., Columbia Mch. Works, 255 Chestnut St., 
Brooklyn 8, N.Y.; for mail, 25 W. Elm St., 
Greenwich, Conn. 

Labounsky, Nicholas N, 
Engr., Keystone Driller Co., 
Ave., Beaver Falls, Pa. 

LaBreque, R. J. (J’34) (CLT), Secy., Dir., Prod. 
Mgr., Acton Vale Silk Mills, Ltd., Acton Vale, 
Que., Can. 

LaCerda, Donald Joseph (J’44) (SKBOEN), 
Master Sgt., Army Air Forces, Photogrammetrist, 
64th Engr. Topographic Bn., A.P.O. 181, Tokyo, 
Japan, c/o Postmaster, San_ Francisco, Calif. ; 
for mail, 165 E. Cottage St., Dorchester 25, Mass. 

Lachman, Louis Albert (J’43) (TNBJZ), Devel. 
Engr., Atwood Diy., Farrel-Birmingham Co., 
Inc., Water St., Stonington ; for mail, 202 Thames 
St., New London, Conn. 

LaClair, Darwin John (J’44) (OLMDZ), Sales 
Engr., Alan Porter Lee Inc., 136 Liberty St., 
New York 6; for mail, 7200 Ridge Blvd., Brook- 
lyn 9, N.Y. 

LaCroix, Arthur Joseph (’14;’35) (CMJ), Pres., 
Charge Prod. & Pur., Hyde Mfg. Co., 54 Eastford 
Rd., Southbridge, Mass. 

LaCrosse, Emmart (’21) (CHLOSY), V.P., Dir. 
of Engrg., Stone & Webster Engrg. Corp., 49 
Federal St., Boston 7, Mass, 

LaCrosse, Emmart, Jr. (J’45) (DOC), Sales 
Engr., Link-Belt Co., 300 W. Pershing Rd., Chi- 
cago, Ill.; for mail, 6186 Crittenden Ave., Indian- 
apolis 5, Ind. 

Lacy, James Wortham (J’38) (NEKA), Asst. 
Prof. Mech. Engrg., Sch. of Engrg., So. Methodist 
Univ., Dallas 6, Tex. 

Ladd, George Herbert (’31;’44) (CDLMOY), 
Works Mgr., Inland Container Corp., Nelbar; for 
mail, 510—14th Ave., Middletown, Ohio. 
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(J’86) (BMS), Oh. 
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Laderach, Otto William (J’43) (BMHEKS), Lt. 
Comdr. (E), Royal Canadian Voluntary Reserve, 
H.M.C.S. Warrior, c/o G.P.O., London, England ; 
for mail, 62 Lansdowne Ave., Peterborough, Ont., 


Can, 

Laemle, Milton Myrtill (’25;’33) (CTM), Asst. 
Megr., Jessup Plant, Barbizon Corp., 148 Madison 
Ave., New York; for mail, 84-51 Beverly Rd., 
Kew Gardens, N.Y. 

Laessle, Frank Willard (J’42) (BGM), Ensign, 


U.S.N.R., Navy 1925 (Salvage), F.P.0., New 
York, N.Y. 
La Fetra, Clinton W. (’20;’35) (CMN), Mgr., 


Estimating Dept., Ford Instrument Co., Long 
Island City; for mail, 103 Kellogg St., Oyster 
Bay, N.Y. 

Lafferty, Edward ©. (J’46) Hoppes Mfg. Co. ; 
for mail, 2000 Maiden Lane, Springfield, Ohio. 
Lafferty, Hugh ©. (J’41) (EKR), 215 Dryden 

Rd., Ithaca, N.Y. 

Laffoon, Carthrae Merrette (’44) (ABCJKS), 
Mgr., A.O. Engrg. Dept., Westinghouse Elec. 
Corp., East Pittsburgh, Pa. 

LaFore, John A, (’04) (FHS), Retired; Penn 
Valley Farm, Narberth, Pa. 

LaForge, Robert Mallory (’32;’45) (MWOD), 
Ch. Engr., U.S. Homes, Inc., Marietta, Ga. 

La France, Raymond (’44) (ACM), V.P., Charge 
Plant Operas., 8. K. Wellman Co., 1374 E. 51st 
St., Cleveland 13, Ohio. 

LaGambina, Joseph Claude (J’45) (NYJHML), 
Asst. Project Engr., Process Research Dept., 
Sperry Gyroscope Co., Inc., Clinton Rd. & Stewart 
Ave., Garden City; for mail, 29 Clifford St., 
Malverne, N.Y. 

Lager, Rollin A, (J’37) (SLEOWA), Application 
Engr., Steam Plant Equip. Co., 4433 W. North 


2846 N. Farwell 
Ave., Milwaukee 11, Wis. 

LaGrange, William Albert (J’44) (JCNLZ), 
Application Engr., Carrier Corp., 710 N. Har- 
wood St., Dallas 1, Tex. 

La Grant, Roy George (J’45) (SMCJHB), Lt. 
(j.g.), U.S.N.R., Asst. Matl, Procurement Officer, 
Office of Asst. to Indus. Mgr., 11th Naval District, 
3000 W. Seaside Dr., Terminal Island, Calif. 

Lai, William (J’45) (ENSBFK), Engr., Cooper- 
Bessemer Corp., Mt. Vernon, Ohio; for mail, 
653 Craig St., Grove City, Pa. 

Lail, George Gray, Jr. (J’44), 264 Arden Rd., 
Pittsburgh 16, Pa. 

Harry John (’34;’44) (ABJNOY), 
Mech. Engr., ROA Victor Div., Radio Corp. of 
Am., Camden, N.J.; for mail, 1016 S. 45th St., 
Philadelphia 48, Pa. 

Laird, Alan Douglas Kenneth (J’40) (BKH), Jr. 
Engr., Leek & Co., 1111 Homer St., Vancouver, 
B.C., Can. 

Laird, Alton Wilson (’81;’35) (HBMNJA), Dir. 
of Engrg., Hyd. Div., N.Y. Air Brake Co., Star- 
buck Ave., Watertown, N.Y. 

Laird, J. Packard (J’42) (ABG), Student Award, 
742+ Jr. Engr., Carl L. Norden, Inc., 80 Lafayette 
St., New York; for mail, 42 Claremont Ave., 
Mt. Vernon, N.Y. 

Lais, Irwin Michel (J’41) (KJSBAM), Capt., 
U.S.A.; for mail, 5710 Memphis St., New Orleans 


19, La. 

Lake, Albert Homer (’43) (RBJNMD), Sr. De- 
signer, Electro-Motive Div., Gen. Motors Corp., 
La Grange, Ill. 

Lake, Charles W., Jr. (J’46), Engr. in Trng., 
R. R. Donnelley & Sons Co., 350 E. 22nd St., 
Chicago 16; for mail, 4623 Ellis Ave., Chicago 
15, Il. 

Lake, Eugene Tilton (44) (NHBJE), Leading 
Draftsman, with George G. Sharp, Naval Arch., 
30 Church St., New York, N.Y.; for mail, 
219 Central Ave., Cranford, N.J. 

Lake, Robert B. (J’40) (BHM), Jr. Engr., John 
§. Barnes Co., 801 S. Water St.; for mail, 409 
Royal Ave., Rockford, Il. 

Lake, Simeon T,, Jr. (J’38) (KNCO), Engr., Tex. 
Pub. Utilities Corp.; for mail, 5328 Miller Ave., 
Dallas 6, Tex. 

Lakey, Arthur B, (713; 85) (BHSMJA), Ch. 
Engr., Mem, Mgmt. Com., Kingsbury Mch. Works, 
Inc., 4320 Tackawanna St., Philadelphia 24; for 
mail, 4504 Fitler St., Philadelphia 14, Pa. 

Lamb, Albert Chester (J’38) (SC), Supt., Engrg. 
Dept., Ocean Accident & Guarantee Corp. Ltd., 
315 Montgomery St., San Francisco 4, Calif. 

Lamb, Donald B. (J’41) (NSM), Design Engr., 
Gen. Elec. Co., 6901 Elmwood Ave., Philadelphia 
42; for mail, 82 E. Springfield Rd., Springfield, 
Del. Co., Pa. 

Lamb, George G. (’41) (AE), Prof., Dept. of 
ac i gad Northwestern Tech. Inst., Evans- 
ton, Ill. 

Lamb, Hawthorne M. (?17;’35) (CMS), Plant 
Investment Engr., Mathieson Alkali Works, Inc., 
Box 896; for mail, 8830—11th St., Lake Charles, 


La. 

Lamb, Joseph Francis (’23;’28) (ER), Supreme 
Secy., Gen. Mgr., Knights of Columbus, P.O. 
Drawer 1670, New Haven 7, Conn. 

Lambelet, Carl Henry (J’13) (CMD), V.P., 
Charge of Mfg., Am. Mch. & Fdy. Co., 511—5th 
Ave., New York 17, N.Y.; for mail, 563 Queen 
Anne Rd., Teaneck, N.J. 


Ave., Milwaukee 8; for mail, 


Lambert, Francis Moore (J’28) (BJK), 626 
Moreno Rd., Penn Valley, Narberth, Pa. 
Lambertine, Joseph A. (J’27) (LKMO), Cons. 


Engr., F. R. Hormann & Co., 186 Joralemon St., 
Brooklyn 2; for mail, 181-88 Kruger Rd., 
Jamaica 3, N.Y. 


LAMBERTUS 
Lem heres Harold (J’42) (JMCDSE), ILt., 
U.S.N.R., Oalif. Inst. of Tech., Box 86, Pasa- 


dena 4, "Calif. ; 3 for mail, 5273 N. Illinois St., 
Indianapolis, Ind. 

Lambie, Aaron Louis (’88) (CLODMA), Asst. 
Treas., Blaw-Knox Co., Box 1198, Pittsburgh, Pa. 

Lamm, Earl Stanley (J’45) (BOGDM), Pvt., 
Casual Co. 81, A.P.O. 26041, c/o Postmaster, 
San Francisco, Calif. 

Lammi, Raymond Elias (J’45) (HCAKTN), 66 
Leighton St., Fitchburg, Mass. 

Lamont, Neil C, (23) (CDM), Works Megr., Natl. 
Elee. Products Corp., 14th St., Ambridge; for 
mail, 513 Maple Lane, Edgeworth, Pa. 

LaMothe, Kenneth F, (’37), Ch. Estimator, Alco 
Products, Ine., 80 Church St., New York; for 
mail, 97 Webster Ave., Manhasset, N.Y. 

La Motte, William R. (’26), Pub. Serv. Terminal, 
80 Park Pl., Newark 1, N.J. 

Lamson, Otis Floyd, Jr., (J’40) (OMNJAO), 
Owner, Mgr. “. Lamson Products Co., 365 E. 45th 
St., Seattle 5 3 for mail, 2157 Boyer, Seattle 2, 
Wash. 

Lancaon, Juan §. (J’45) (BOM), V.P., Ch. Engr., 
Philippine Hawaiian Engrg. Co., Ltd.; for mail, 
1117 O’Donnell St., Sta. Cruz, M Manila, P.I. 

Lancaster, John Earle (J’45), Jr. Hyd. Engr., 
Research & Devel, Dept., Worthington Pump & 
Mchy. Corp., Harrison, N.J.; for mail, 422 E. 
58th St., New York 22, N.Y. 

Lancaster, Robert Gail (J’43) (NESAKB), 
Packaging Engr., Naval Ord. Plant, 21st & 
Arlington; for mail, 1829 N. Wallace St., 
Indianapolis, Ind. 

Lancaster, Warren Jewel (J’48) Car Exper. 


Test Engr., Vilter Mfg, ©o., 2217 S. Ist St., 
Milwaukee; for mail, 1903 East Park Pl., Mil- 
waukee 11, Wis. 

Land, Emory S, (H’44), Vice Admiral, U.S.N., 


Retired; Pres., Air Transport Association, 1515 
Massachusetts Ave., N.W., Washington 5, D.O. 
Land, George William (J’44) (FSRC), Research 
& Combustion Engr., West Ky. Coal Co., Earling- 

ton, Ky. 
Land, Malcolm Louis (J’45), Ch. Analyst, Re- 


peared & Devel. Dept., Elliott Co., Jeannette 1, 
a. 
Lande, Clarence ©. (’37) (CHM), Kimlark As- 


sembly Plant Mgr., Ord. Div., Kimberly Clark 
Corp., Neenah; for mail, 618 W. Seymour St., 
Appleton, Wis. 

Landen, Sigurd (’42) (CDFH), Ch. Ener., Gary 
Steel Works, Carnegie Il]. Steel Corp., N. Broad- 
way; for mail, 224 W. 46th Ave., Gary, Ind. 

Lander, Raymond Alfred, Jr, (J’44), 200 Corwin 
Rd., Rochester, N.Y. 

Landes, Benjamin Daniel (’37) (CJOY), Partner, 

Landes, Zachary & Peterson, Denver, Colo. 

Landes, Robert Jellison (J’44), Ensign, U.S.N. 3 
72 N. Woleott, Salt Lake City, Utah. 

Landes, Thayer E. (J’41) (MSJO), 6703 Dunham 
Ave., Cleveland 3, Ohio. 

Landis, Charles William (J’39) (LGDSNM), 
Engrg. Draftsman, Sharp & Dohme, Inc., 640 N. 
Broad St., Philadelphia, Pa. 

Landis, Franklin Forman (J’43) (NMOOHJ), De- 
signing Engr., Monarch Mch. Tool Co., 17 June 
St., Dayton 3; for mail, 1515 Canfield Ave., 
Dayton 6, Ohio. 

Landis, J, Noble (’25; ’27; ’33) (SFO), Director- 
at-Large, ’45-49; Asst. Mech. Engr., Consltd. 
ee, Co, of N.Y., Inc., 4 Irving PI., New York 

Landis, John Prince (J’44) (AEF), Test Engr., 
Research & Devel. Labs., Socony-Vacuum Oil Co., 
Ine., Paulsboro; for mail, 42 Hopkins St., Wood- 
bury, N.J. 

Landis, Mark Homer (’13; 
Gen. Mgr., Erd Co., 
Waynesboro, Pa. 

Landis, Robert Potts (J’35) (ANBOJM), Design 
Consultant, Serv. Dept., Pratt & Whitney Air- 
craft Div., ‘United Aircraft Corp., 400 S. Main St., 
East Hartford ; for mail, 20 Jean Rd., Manches- 
ter, Conn. 

Landis, Warren Corle (°42; 45) CENA SEO): 
Shell Oil Co., 50 W. 50th St., New York, 

Landon, Duane (745) (MOECZS), Indus. ie 
St. Joseph Light & Power Co., St. Joseph 2; for 
mail, 3005 Jules, St. Joseph, Mo. 

Landow, Ernest Wm. (J’39) (J), Ch. Engr., 
Castings Div., Universal Castings Corp., 5821 W. 
ak 3 for ‘mail, 5458 S. Menard Ave., Chicago 

Landry, Bertrand Andre (’42) (FKESRB), Asst. 
Supvr., Fuels Div., Battelle Memorial Inst., 505 
King Ave., Columbus 1, Ohio. 

Landvoigt, Thomas Elmer (17) (KFGCS), Mech, 
Engr., Mech. Equip. Sec., Fed. Housing Admin., 
Washington, D.C.; for mail, 201 N. Jackson SUAS 
Arlington, Va. 

Lane, Abbott Atwood (’17; ’24; ’35) (EMLSNO), 
Consultant, Prod. Dept., Am. Agric. Chem. Co., 
50 Church St., New York 7, N.Y.; for mail, 572 
Ridgewood Ave., Glen Ridge, N.J. 

Lane, Buster Wallace (J’37) (AMC), Res. Elec. 
Engr., DeSoto-Warren Plant, Chrysler Corp., 
8101 W. Warren Ave., Detroit 31; for mail, 124 
Farrand Park, Highland Park 3, Mich. 

Lane, Clarence William (3°44) (KM), 6205 S. 
Miro St., New Orleans 15, La. 


735) (NZLHD), Pres., 
Ine., 225-2338 Ringgold St., 


Lane, Donald Frederick (’40;’44) (CNBDLR), 
Dir. of Trng., Bethlehem Steel Co., Sparrows 
Point, Baltimore 19; for mail, 2905 Dunglow Rd., 
Baltimore 22, Md. 

Lane, Edward J. H. (J’39) (MYB), Ord. Engr., 
nel Gun Factory, Naval Shipyard, Washington, 

; for mail, 5702 Greenleaf Rd., Cheverly, Md. 

anor ¥, Howard (28) (SEHF), Mgr., Design 

Engrg., Pub. Untility Engrg. & Serv. Corp., 231 
S. La Salle St., Chicago 4, Ill. 

Lane, Henry M. (00), Cons. Engr., Gray Gables, 
Grosse Tle, Mich. 

Lane, Philip Ellison (J’42) (CMKJ), Internatl. 
Mutoscope Corp., 44-01—1l1th St., Long Island 
City; for mail, Apt. 2G, 135 Hawthorne Str; 
Brooklyn 25, N. Y. 

Lane, Richard Kelvin (36) (S), Pres., Pub. Serv. 
Co. of Okla., Box 201, Tulsa 2, Okla. 

Lane, Robert S. (’21; 493; 735), Pocahontas Fuel 
Co., Inc., 340 E. 131st St., Cleveland 8, Ohio. 

Lane, William T, (742) (RAEB), Asst. West. Sales 
Mer., Franklin Ry. Supply Co., 832 8. Michigan 
Ave. , Chicago 4, Tl. 

Laney, Frank R. (’18;’28) (BOGNYZ), Dir., 
J. M. Wright Tech. Sch, 1 Schuyler Ave., Stam- 
ford, Conn. 

Lang, Edward H. (J’39) (ACOMN), Prin., Syracuse 
Tech. & Indus. High Sch., 214 Park ‘Ave., Syra- 
cuse 4, N.Y 

Lang, Frederic Allison (3’40) (LCOTYMD), Devel. 
Engr., E. I. du Pont de Nemours & Co., New- 
burgh, N.Y. 

Lang, Hans Joachim (J’41) (BHKLOD), Staff 
Engr., Day & Zimmermann, Inc., Packard Bldg., 
Philadelphia 2; for mail, RD. 2, Kennett Square, 
Pa. 


Lang, Henry W. (J’26) (AC), Installer, N.Y. Tel. 
Co., 101 Willoughby St., Brooklyn; for mail, 
836—88th St., Brooklyn 9, N.Y. 

Lang, Herbert Chester (’44) (MNLZHG), Ch. 
Draftsman, Mason-Neilan Regulator Co., 1190 
Adams St., Boston 24; for mail, 45 Alvin Ave., 
East Milton 86, Mass. 

Lang, Herman Alexander (J’43) (BAKHZN), 
Mechanics Instr., Cornell Univ., Ithaca, N.Y. 
Lang, John (’32) (CJP), Gen. Mgr., Lang Co., 267 
W. Ist St. S., Salt Lake City; for mail, 125 S. 

18th St., Salt Lake City 2, Utah. 

Lang, John Biggart (’16;’26) (CDJKMN), Dir., 
John Lang & Sons Ltd., Johnstone near Glasgow ; 
for mail, MRossall, Kilmacolm, Renfrewshire, 
Scotland. 

Lang, Leonard F, (’88) (FSLC), Mgr., Midwestern 
Territory, West. Precipitation Corp., 1 N. La 
Salle St., Chicago 2; en mail, 4435 N. Winches- 
ter Ave., Chicago 40, 

Lang, Otto Carl Gat), (HOTES), Head, Maint. 
Engrg. Dept., Carbide & Carbon Chemicals Corp., 
McCorkle Ave., South Charleston; for mail, 1 
Grandview Dr., Charleston 2, W.Va. 

Lang, Rudolph Charles (’29) (LMDCAB), Devel. 


Engr., Natl. Biscuit Co., 449 W. 14th St., New 
York; Instr., Pratt Inst., 195 Ryerson Ave., 
Brooklyn, 


NES 

Lang, William Albert (J’45) (BSZ), Sr. Design 
Engr., Brown Instrument Co., Wayne & Roberts 
Ave., Philadelphia 44; for mail, 4507 N. 19th 
St., Philadelphia 40, Pa. 

Lang, William C., (J’39) (OMCL), Plant Engr., 
Synthetic Rubber Div., Firestone Tire & Rubber 
Co., Wilbeth Rd.; for mail, 1691 Marigold Ave., 
Akron 1, Ohio. 

Langdon, Howard Harland (’25;’35) (BNSTW), 
Head, Research & Devel., Spec. Mch. Div., Consltd, 
Mch. Tool Corp. ; for mail, 153 Windemere Rd., 
Rochester 10, N.Y. 

Langdon, Robert Kenneth (J’42) (OZJD), Sales 
Engr., Walter Gerlinger Inc., 610 W. Michigan 
Ave., Milwaukee; for mail, 282 Wabash Ave., 
Waukesha, Wis. 

Langdon, Robert Sylvester, Jr. (J’42) (NMJ), 
LPS Opry BSS IN IAS Navy 8002, Box 34, F.P.O 
San Francisco, Calif. ; 3 for mail, 8816 ie 
Rd., Seattle 88, Wash. 

Langdon, Roy Alger (J’41) (SLJ), Tool Designer, 
Gisholt Mch. Co., 1245 E. Washington Ave., Madi- 
son; for mail, 723 W. Johnson, Madison 5, Wis. 

Langdon, Warren Ross (J’43) (NKJM), Devel. 
Engr., Gen. Elec. Co., 1 River Rd., Schenectady 
ae for mail, 706 Altamont Ave., Schenectady 3, 


Lange, Clifford Brandt (J’45), Lt., Supply Corps, 
U.S.N.R., 239 Filmore, Twin Falis, Idaho. 

Lange, Forrest Fay (’24;’25;’29) (OCMLSN), 
Loan Engr., Reconstr. Finance Corp., 55 Tremont 
St., Boston 9; for mail, 27 Owatonna St., Au- 
burndale, Mass. 

Lange, Henry B. (’30) (CDMO), Partner, Henry 
B. Lange & Co., Cons, Engrs., 453 S. Spring St., 
Los Angeles 13, Calif. 

Lange, John Henry (J’37) (BDENKH), Lt. (j.g.), 

s Naval Shipyard, San Francisco, Calif.; for mail, 
8817 Glenwood Rd., Brooklyn, N.Y 

Lange, Joseph O. (’38) (CBHJMA), Engr. of 
Pats., Crane Co., 836 S. Michigan Ave., Chicago 
be ee mail, 5835 N. Maplewood Ave., Chicago 
45, Ill. 

Lange, Max E. (’25) (BMCZ), Engr., Warner & 
oe Co., 5701 Carnegie Ave., Cleveland 3, 

io. 

Lange, Paul H. 

Bridgeport, Conn. 

Langenderfer, Raymond Charles (J’40) (MDCL 

AJ), R.F.D. 3, Swanton, Ohio. 
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Langer, Bernard F. (’43) (RBNA), Mgr., Mech. 
Sec., Trans. Engrg. Dept., Westinghouse Elec. 
Corp., East Pittsburgh, Pa. 

Langfitt, Joseph K. (20) (DJM), Works Engr., 
Link-Belt Co., 220 8. Belmont Ave., Indianapolis ; 
for mail, Box 106, R.R. 17, Indianapolis 44, Ind. 

Langham, Henry ay (743; 744) (CMGZYS8), 
Engrg. Consultant, F. W. Dodge Crop., 119 W. 
40th St., New York 13) NN. 

Langhorst, Richard Theodore (J’38) (HELSCD), 
Application Engr., Allis-Chalmers Mfg. Co., Forest 
Ave., Norwood 12"; for mail, 4166 ‘Allendale Dr., 
Cincinnati 9, Ohio. 

Langill, Ross Earl (’42) (CHW), Secy., Treas., 
Prescott Co., Broadway & Wabash, Menominee, 


Mich. 

Langille, Herbert B. (’15) (ENSW), Assoc. 
Prof. Mech, Engrg., Emeritus, Univ. of Calif. ; 
for mail, 2418 Dana St., Berkeley 4, Calif. 

Langley, James Max (J’ 41) (CES), Indus. Lub., 
Petroleum Advisers, 60 Wall Tower, 70 Pine 
St., New York 5, N.Y. 

Langmuir, Irving (Non-Member), Holley Medal- 
list ’34; Assoc. Dir., Research Lab., Gen. Elec. 
ne for mail, 1176 Stratford Rd., Schenectady, 

Langner, Frederick William (’27; 33; 85 
(EFS), e/o Socony Vacuum Oil Co., Inc., 140 
Tribune Bldg., 154 Nassau St., New York 7, 
ENINY, 


Lanesdorf, Alexander §. (’20) (BCD), Dean, 
Schs. of Engrg. & Arch., Washington Univ., St. 
Louis 5; for mail, 5187 Cabanne, St. Louis 13, 
Mo. 


Langsner, Adolph (’22) (COMLWZ), Chief, Re- 
search Div., Langsner Engrg. Associates, 2640 
W. Coyle Ave., Chicago 45, Ill. 

Langston, Ernest Richard (J’42) (ONHJ), Mech. 
Engr., Libby, McNeill & Libby, Box 1140, Hono- 
lulu; for mail, 1523A Kapiolani St., Honolulu 
25, T.H. 

Langstroth, Clifford Barnes (’12;’19) (JEBAR), 
Boulder Acres, R.D. 1, Danbury, Conn. 

Langtry, Wilmer Dyer (’43)- (FSO), Pres., Com- 
merical Testing & Engrg. Co., 807 N. Michigan 
Ave., Chicago 1, Ill. 

Langvand, I. L. (A’09), Asst. Supt., 
Wilcox Co.; for mail, 526 Lloyd St., 
Ohio. 

Langworthy, Ross Andrew (’19) (DEFKOS), 
Mech. Engr., Sanderson & Porter, 52 William 
St., New York 5; for mail, 68-10—108th St., 
Forest Hills, N.Y. 

Langworthy, William Probasco (’23) (JMC), 
Managing Partner, Magnetic Metals Co., 21st St. 
& Hayes Ave., Camden, N.J. 

(J’44) (AES), 
Md. 


Lanham, Charles Warren, Jr. 
tenes Paul Trueman (J’41) (ZHM), Lanham, 


Babcock & 
Barberton, 


1343 Weldon Ave., Baltimore 11, 


cee Haskell DuBose (’36), Exec. Engr., Gen. 
Sugar Estates, 801 Metro. Bldg., Havana, Cuba. 

Lanigan, Thos.'M., Jr. (’22;’27;785), 5509 
Nebraska Ave., N.W., Washington, D.O. 

Lanning, John Edward (’29) (JKD), Ch. Mech. 
Engr., Morenci Branch, Phelps Dodge Oorp.; 
for mail, Box 346, Morenci, Ariz. 

Lanno, Edward Carl (J’37) (CERSMH), Prod. 
Engr., Diesel Eng. Div., Gen. Motors Corp., 
13400 Outer Drive W., Detroit 23; for mail, 
15985 Woodland Dr., Dearborn, Mich. 

Lansing, Charles Bridgen (27) (CDMO), Indus. 
Consultant, Cleveland Trust Co., Cleveland 1; 
for mail, R.F.D. 1, Chagrin Falls, Ohio. 

Lansing, James Haswell (’44) (JNMDCB), Cons. 
Engr., Malleable Founders’ Soc., Union Commerce 
Bldg., Cleveland 14, Ohio. 

Lantau, Martin, Jr. (J’43) (AENSW), Maint., 
Compressor Dept., Tenn. Gas & Transmission Co., 
Commerce Bldg., Houston; for mail, Box 2511, 
Houston 6, Tex. 

Lanzisera, Joseph Crescent (’26; 31; ’35) (BO 
eed Cons. Engr., 185 Erasmus St., Brooklyn, 


Lapidas, Manuel (J’43) (AJM), Research Assoc., 
Harvard College, Cambridge; for mail, 10 Charles 
Ave., Revere, Mass. 

Lapides, Robert Edwin (J’39) (MCDJ), V.P., . 
Charge Prod., United Smelting & Aluminum Co., 
Inc., 187 Commerce St., New Haven 10; for 
mail, 1200 Ridge Rd., Hamden 14, Conn. 

Lapidus, Solomon (J’46) (BHM), Mech. Engr., 
Firm of Harry W. Faeber, 70 E. 45th St., New 
York; for mail, 1040 Bushwick Ave., Brooklyn 

Lapinski, Lucian Stanley (J’42) (ABJ), 
Atlantic St., Bridgeport, Conn. 

La Porta, Henry E, (J’43), Assoc., Associated In- 
dus. Consultants, Broad St. Bank Bldg., Trenton, 

J.3; for mail, 85 Hamilton Pl., New York 31, 
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Lapp, Robert Jacob (J’45), Engr., Mead Paper 
Corp. ; for mail, R.F.D. 8, Chillicothe, Ohio. 

Lappin, Joseph (’21; ’22;’35) (SKF), V.P., Ch. 
Engr, Interboro Co., 109 E. 29th St., New York, 


Lardis, Nicholas J. (J’41), Capt., 185th Engr. 
Combat Bn., Ft. Jackson, S.C. 

Lardner, Henry Ackley (’01; F’38), V.P., Treas., 
J. G. White Engrg. Corp., 80 Broad St., New 
York 4, N.Y. 


-Larew, J. Lee (’21; 35) (SENMJF), Mem. Tech. 

Staff, Bell Tel. Labs., Inc., 463 West St., New 
York 14, N.Y.; for mail, 835 Main St., South 
Amboy, N.J. 

-Larinoff, Michael William (J’41) (EABNJZ), 
Engr., Design Sec., Diesel Power Plant, Ebasco 
Services Inc., Rm. 1100, 2 Rector St., New York, 


ioe N.Y. 
Larkin, Albert Chesebro (’95; 705) (DJNZ), Ch. 


Draftsman, Continental Can Co. of Can., Ltd., 


St. Laurent St.; for mail, 5465 Bourret Ave., 


Montreal 29, Que., Can. 


“Larkin, David (21; F’45) (CJN), Vice-President ; 


744-45, Director-at-Large, °45-’'46; V.P., Gen. 
Mgr., Broderick & Bascom Rope Co., 4203 N. 
Union Blvd., St. Louis 15, M 


0. 
arkin, Fred Viall (15; F’45) (CLMNZ), Man- 


ager, ’43; Dir., Mech. & Indus. Engrg., Lehigh 
Univ., Bethlehem, Pa. 

Larkin, William Harrison (’28;’38) (SFCK), 
Engr., B. F. Sturtevant Co., Div. of Westing- 
house Elec. Corp., 420 Lexington Ave., New 
York; for mail, 50 Ausable Ave., Staten Island 


HeAN.Y. 
Larner, Hugh Randolph (J’38) (MCDN), Indus. 


Engr., Time Study Dept., Warner & Swasey Co., 
5701 Carnegie Ave., Cleveland 3; for mail, 1423 
Parkview Dr., Lyndhurst, Ohio. 


 Larocco, Michael Jerome (J’45), Lt. (j.g.), Ship 


Engrg. Officer, 4961 N. Kilpatrick Ave., Chicago 


80, Ill. 

LaRoche, Gilbert L. (J’41), 496 S. Elm Ave., 
Kankakee, Ill. 

Laroche, Joseph John (J’42) (CMDA), Ensign, 
U.S.N.R., Asst. Contract Termination fficer, 
c/o Inspr. of Naval Matl., U.S.N., Buffalo Dist., 
220 Delaware Ave., Buffalo 2, N.Y. 

LaRocque, Arthur E. (J’37) (NOM), Supvr., 
Inspe. & Test, Gen. Elec. Co., 2231 E. State St., 
Trenton; for mail, 12 Nordacs St., Trenton 8, 


NJ. 

Larsen, A. M. (’29;’35), Asst. Design Engr., 
Solvay Process Co., Solvay ; for mail, 216 Parsons 
Dr., Syracuse, N.Y. 

Larsen, Arild F. (J’36) (CMDOLJ), Ch. Indus, 
Engr., David Bradley Mfg. orks, Kankakee ; 
for mail, 103 N. Maple, Momence, Ill. 

Larsen, Fred Roger (J’45) (BJKNAM), Engr., 
Watts Regulator Co., 10 Embankment St., 
Lawrence; for mail, 36 Fairmount Ave., Somer- 
ville, Mass. 

Larsen, G. Sinding (29) (CFK), V.P., Charge 
Engrg., Pittsburgh Piping & Equip. Co., 10—438rd 
St., Pittsburgh 1, Pa. 


Larsh, Wayne Eugene (J’46), 513 School St., 


Houma, La. 

Larson, Bert Edwin (’40) (RFJ), Ch. Engr., 
Loco, Firebox Co., 310 S. Michigan Ave., Chi- 
eago 4, Ill 


Larson, Charles Roy (J’44) (ERNM), Draftsman, 
Electro-Motive Div., Gen. Motors Corp., McCook ; 
for mail, 102 S. Stone Ave., La Grange, Ill. 

Larson, Clifford M. (’25) (EBART), Ch. Cons. 
Engr., Sinclair Refining Co., 630—5th Ave., New 
York 20, N.Y. 

Larson, Emil Lambert (’29) (RBASJN), Ch. 
Draftsman, Chicago, Burlington & Quincy R.R. 
Co., 547 W. Jackson Blvd., Chicago 6; for mail, 
5468 S. Woodlawn Ave., Chicago 15, Ml. 

Larson, G. L. (15) (EKS), Chmn., Mech. Engrg. 
Dept., Univ. of Wis., Madison, Wis. 

Larson, Godfrey William (29; ’36) (BKJFSZ), 
Ch. Engr., Sugar Creek Refinery, Stand. Oil Co. 
(Ind.), Sugar Creek; for mail, 6112 S. Benton 
St., Kansas City 4, Mo. 

Larson, Jarl Evert (’41) (COS), Examiner, Office 
of Defense Plants, Reconstr. Finance Corp., 811 
Vermont Ave., Washington 25, D.C.; for mail, 
1618 Mt. Eagle Pl., Parkfairfax, Alexandria Va. 

Larson, John Albert (J’36) (EJM), Sales Engr., 
B. O. Cooley Co., 625 Market St., San Francisco ; 
for mail, 724 Mountain Blvd., Oakland 11, Calif. 

Larson, Reinhold Fridtjof (’30; 739) (SEKBFA), 
Assoc. Prof., Mech. Engrg. Dept., Univ. of Ill. 
Urbana, Ill. 

Larson, Robert LaFollette (J’43) (NABEOM), 
Mathematical Technician, Cleveland Diesel Div., 
Gen. Motors Corp., 2160 W. 106th St., Cleveland 
11, Ohio. 

Larson, Theodore Earl (J’44) (C), Box 56, Route 
1, Lynden, Wash. 

Larsson, Thure L. F. (’05) (FHW), Retired ; 
Center Sandwich, N.H. 

LaRue, Albert Morlan (J’45) (AYNBO), Devel. 
Engr., De-Icer Devel. & Research Dept., B. F 
Goodrich Co., 500 S. Main St., Akron; for mail, 
1807 Chestnut Blvd., Cuyahoga Falls, Ohio. 

Lasciak, Charles (’32;’38) (SKCBMN), Mar. 
Engr., N.Y. Naval Shipyard, Brooklyn; for mail, 
829 Nostrand Ave., Brooklyn 16, N.Y. 

Laserna, Alfonso (J’44), Oarrera 7’-13-56, Bo- 
goti, Colombia, S.A. 

Laserson, Gregory L. (J’45) (AES), Asst., Dept. 
of Mech. Engrg., Columbia Univ.; for mail, 295 
Central Park W., New York, N.Y 

Lash, Joseph Charles (J’42), Elec. Engr., Tocco 
Div., Ohio Crankshaft Co., 3800 Harvard Ave., 
Cleveland; for mail, 1517 Howard Ave., Cleve- 
land 13, Ohio. 

Lashbrook, Thomas S. (J’35) (CMJLWY), Indus. 
Engr., Owens-Ill. Glass Co., 601—86th Ave., 
Oakland 1; for mail, 5800 Balboa Dr., Oakland 
11, Calif. 

Lask, Fred’k (’13;735), Adv. Mgr., A.S.M.E., 
29 W. 39th St., New York 18; for mail, Hillan- 
dale Rd., Port Chester, N.Y. 
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Lasker, Frank A. (J’40), c/o Lasker Boiler & 
Engrg. Co., 3201 S. Wolcott St., Chicago 8, Tl. 
Lasker, Harold H. C. (’36) (LDSKJE), Owner, 
Lasker Engrg. Co., 17 E. 42nd St., New York 


ONE NG zs 
Laskin, Irving (J’45) (BM), Design & Devel. 
Engr., Ajon Research Corp., 356 W. 36th St., 
New vom; for mail, 3578 DeKalb Ave., Bronx 


Ns 

Laskowitz, Isidor Bernard (’30) (AHSBND), 
Mech. Engr., Office of Pres. of Borough of Brook- 
lyn, Municipal Bldg., Brooklyn 2; for mail, 284 
Eastern Pkwy., Brooklyn 25, N.Y. 

Lasley, James Bernard (J’45) (FOS), Asst. Fore- 
man, N.C. Shipbldg. Co., Wilmington, N.C. 
Lasley, Robert Anderson (46) (AEM), Works 
Mgr., Aircraft & Diesel Equip. Corp., 4401 N. 
Ravenswood Ave., Chicago 40; for mail, 1425 

Hutchinson St., Chicago 13, Il. 

Lassagne, Theodore Hawley (A’43) (AC), Part- 
ner, Naylor & Lassagne, 2607 Russ Bldg., San 
Francisco 4, Calif. 

Lassalle, Leo Joseph (’21) (BCO), Dean, College 
of Engrg., La. State Univ. & Agric. & Mech. 
College, University Sta., Baton Rouge 3, La. 

Lassen, Ernest Julius (J’37) (CDJMNS), Mgr., 
Welding Sales, N.Y. Dist., Gen. Elec. Co., 570 
Lexington Ave., New York 22, N.Y. 

Lassman, Benjamin (’20; ’35) (NMHJB), Owner, 
Firm of Benjamin Lassman, Hyd. Engr., Oliver 
Bldg., Pittsburgh 22, Pa. 

Laster, Oliver (J’43) (HEFB), Asst. Engr., Stand. 
Oil Co. of Calif., Rm. 470, 265 Bush St., San 
Francisco 4, Calif. 

Lastner, Charles Andrew (J’44) CHMNOW), 
Project Engr., Aeromotive Engrg. Oo., Maple & 
9th Sts.; for mail, 1614 Oak St., Niles, Mich. 

Latham, Allen, Jr. (’45) (LKHJNB), Charge of 
Engrg. Devel., Arthur D. Little, Inc., 30 Memorial 
Dr., Cambridge 42, Mass. 

Latham, George R., III (’41) (SEFJDK), Power 
Engr., Millville Mfg. Co., Columbia Ave.,; for 
mail, 701 BE. Pine St., Millville, N.J. 

Lathrop, Earl Sigworth (J’44) (CDJM), Indus. 
Engr., Aluminum Co. of Am., New Kensington ; 
for mail, 322—8th, Oakmont, Allegheny Co., Pa. 

Lathrop, Robert Park (J’42), 4613 Windsor Lane, 
Bethesda 14, Md. 

Latimer, Charles (J’44), 223 Boone Hall, Oak 
Ridge, Tenn. 

Latimer, Raymond Arthur (J’42) (CMD), Indus. 
Engr., RCA Victor Div., Radio Corp. of Am.; 
for mail, 626 N. Duke, Lancaster, Pa. 

LaTour, Francis Gerard (J’44) (CMKYDZ), Sr. 
Methods Engr., Irvington Varnish & Insulator 
Co., 6 Argyle Terrace, Irvington 11; for mail, 
67 Washburn St., Jersey City 6, N.J. 

Latshaw, Elmer (’43) (BRY), Tech. Engr., ACF- 
Brill Motors ©Co., 62nd St. & Woodland Ave., 
Philadelphia 42, Pa. 

Lattan, Jean Edward (’45) (CBMHFS), Div. 
Supt., Taylor Forge & Pipe Works, Box 485, 
Chicago 90; for mail, 806 N. Kenilworth Ave., 
Oak Park, Ill. 

Lattin, Clark P., Jr. (J’38) (CSLKE), Sales 
Engr., Foster Wheeler Corp., 165 Broadway, New 
York 6, N.Y. 

Lattin, Judson (’91), Retired; Box 567, R.R. 2, 
Fontana, Calif. 

Latulippe, Lucien J. (J’41) (DHJ), Mech. Engr., 
Hall Mchy. Co., Lansdowne St., Sherbrooke, Que., 

an, 

Lau, Francis Len-Sin (J’43), Pvt., Army Air 
Forces, 4000 Base Unit, Sqd. X, Wright Field, 
Dayton, Ohio. 

Laubach, Howard Evans (’37) (OMGJ), Ch. 
Engr., Smith & Mills Co., 2889 Spring Grove 
Ave., Cincinnati; for mail, 2542 River Rd., Cin- 
cinnati 4, Ohio. 

Laubenstein, Albert R, (’18; 35) (DJKN), Gen. 
Mgr., Laubenstein Mfg. Co., 422 S. 8rd St., Ash- 
land, Pa. 

Lauck, Lawrence Joseph (J’43) (AEBHJ), Lay- 
out & Design Engr., Pratt & Whitney Aircraft 
Div., United Aircraft Corp., 400 S. Main St., Hast 
Hartford 8; for mail, 36 Richard Rd., East Hart- 
ford, Conn, 

Laudig, John Benjamin (727; ’37) (MLYDC), 
Mech. Engr., Packaging & Shipping Serv. Inc., 
1st Natl. Bank Bldg., Scranton 1; for mail, 318 
N. Bromley Ave., Scranton 4, Pa. 

Lauer, Albert William, Jr. (J’44) (AEM), 67 
Glorieux St., Irvington 11, N.J. 

Laver, William N. (743) (CHO), Sales Engr., 
Dorr Co., 570 Lexington Ave., New York 22, N.Y. 

Lauffer, William George (’23; ’28; ’35) (SKF), 
Mech. Plant Betterment Engr., Ebasco Services 
Inc., 2 Rector St., New York 6, N.Y. 

Laughlin, George C, (’40; 44) (SJCDLF), Asst. 
Supt., Struc. & Mech. Div., Constr. Dept., 
Commonwealth Edison Co., 72 W. Adams St., 
Chicago 90, Ill. 

Laughnan, Thomas G. (J’40) (KLZEAO), Sr. 
Tech. Engr., Barber-Colman Co., 115 Loomis St., 
Rockford, Ill. 

Laughton, Watson B. (A’36) (CGWY), Pres., 
Treas., McLoughlin Bros., Inc., 45 Warwick St., 
Springfield 1, Mass. 

Laulhere, Bernard Marcelin, Jr. (J’39) (COE), 
Mer., Pacific Pipeline Constr. Co., 2268 E. Fire- 
stone, Los Angeles 2, Calif. 

Lauman, Herman E, (’29;’35) (DFH), Pres., 
©. W. Lauman & Co., Inc. & Duro Pump Co., Inc., 
50 Church St., New York 7, N.Y. 
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Laun, Fred ©, (J’40) (SO), Draftsman, Edo Air- 
craft Corp., College Point; for mail, 145-38— 
19th Ave., Whitestone, L.I., N.Y. 

Laurie, Albert (’21) (ESFKAL), Owner, Laurie 
& Lamb, 512 Trans. Bldg., 132 St. James St. W., 
Montreal, Que., Can. 

Laursen, Alfred (J’38), c/o Erection Dept., Bab- 
cock & Wilcox Co., Barberton, Ohio. 

Laursen, Milton P. (J’41) (CDJ), 725 Columbia 
Blvd., Minneapolis, Minn. 

Laussucq, Harry Peter Lawrence (’21) (YHRI 
CK), Mgr., Hyd. Dept., Birdsboro Steel Fdy. & 
Mch. Co., Birdsboro; for mail, 6 S. Los Roble 
Court, Reading, Pa. 

Lauterbach, George Edward (J’29) (SRFCBK), 
Supvr., Steam Power Plants, New York Cent. 
System, 466 Lexington Ave., New York 17, N:X.5 
for mail, Chestnut St., Haworth, N.J. 

Laux, John P. (’34), 503—8rd St., Towanda, Pa. 

La Vaute, Lester Arthur (J’38), 118 Lincoln 
Park Dr., Syracuse 3, N.Y. 

Laverty, Harold Hazen (J’42) (JNS), It, 
U.S.N.R.,; for mail, R.F.D. 1, Brownville, Me. 
Lavold, Gerald P. (J’41) (ANBOHW), Project 
Engr., Foote Bros. Gear & Mch. Corp., 5225 8S. 
Western Blvd., Chicago 9; for mail, 3305 W. 

Diversey Ave., Chicago 47, Ill. 

Law, Clifford J, (J’41), 139 N. Arlington Ave., 
East ie N.J. 

Lawatsch, Frank R. (’14;’35) (JNFEZ), Mech. 
Engr., U.S. Engrg. Office, P.O. & Custom House 
Bldg., St. Paul 1, Minn. 

Lawitz, Leslie L. (J’34) (BJM), 5444 Ingleside 
Ave., Chicago 15, Ill. 

Lawler, Frank Patrick (’42) (BDHMO), Cons. 
Engr., 1642 W. 105th Pl., Chicago 43, Il. 

Lawler, Joseph Vincent (J’41) (JMNO), Field 
Cost Engr., E. I. du Pont de Nemours & Co. ; 
for mail, Box 1853, Richland, Wash. 

Lawlor, Edward Reeve (J’42) (ESOCF), Port 
Engr., Port of Los Angeles & Long Beach, Los 
Angeles Tanker Opers., Inc., 365 W. 7th St.3 for 
mail, 1525-C W. 17th Walk, San Pedro, Calif. 

Lawlor, James J. (J’40) (HKS), 26 Central Ave., 
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field, Norwood, Pa. 

McCormick, Thomas Joseph (J’43) (LYHOZS), 
Asst. to Plant Engr., Shawinigan Resins; for 
mail, 1104 Worthington St., Springfield, Mass. 

McCort, James Edward (J’44) (ROM), Dist. 
Mer., Ry. Div., Timken Roller Bearing Co., 1832 
Union Commerce Bldg., Cleveland 14, Ohio. 

McCoy, Marion Charles (J’43) (KSE), 937 
Douglas St., Corinth, Miss. 

McCoy, Richard Kern (J’43) (NKEOH), 13817 
Cresse Ave., R.D. 7, Schenectady, N.Y. 
McCoy, V. E. (’42) (ROCK), Ch. Engr., Natl. 
Aluminate Corp., 6216 W. 66th Pl., Chicago 38, 


Tl. 

McCoy, William I. (’03;’25) (NBOKS), 634 
Adair Ave., Zanesville, Ohio. 

McCoy, William Wayne (J’44) (ASNHFK), De- 
sign Engr., Airplane Div., Curtiss-Wright Corp. ; 
for mail, 50 FE. Oakland Ave., Columbus, Ohio. 

McCracken, William Clyde (’15) (SFEK), Ch 
Engr., Supt. of Bldgs., Ohio State Univ., Co- 
lumbus 10; for mail, 2005 Berkshire Rd., Colum- 
bus 8, Ohio. 

McCrady, Louis de B, 
Charleston, S.C, 

McCrary, Otis Frederick, Jr. (J’43) (AEL), Lt. 
(j.g.), USS.N.R.; 127 Brooks Ave., Raleigh, N.C. 

McCray, Clarence Richard (J’41) (RAHYN), 
Design Engr., Garlock Packing Co.; for mail, 
125 Washington St., Palmyra, N.Y. 

McCready, John Thomas (J’46) (CH), 250 Nor- 
mandy Lane, Concord, Calif. 

McCuaig, Donald H, (’41) (FKS), Head, Sales 
Application, Worthington Pump & Mchy. Corp., 
Holvoke, Mass. 

McCubbin, John Daniel Service (’46) (EOS), 
Mar. Inspr., U.S.C.G.R., 42 Broadway, New 
York; for mail, 784 Carroll St., Brooklyn, N.Y. 


(’21), 74 South Battery, 


McCue, Jas. O. (’26) Pres., Stamford Rolling 
Mills Co., Springdale, Conn. 
McCulloch, A. Donald (J’40) (CJM) V.P., 


McCulloch Mfg. Co., 200 Old Colony Ave., South 
Boston, Mass. 


McCulloch, William McPherson (J’42) (CEK 
LY), Mech. Engr., Maint., Styrene Div., Dow 
Chem. Co., Box 500, Gardena; for mail, 1500 


W. 58rd St., Los Angeles 37, Calif. 

McCullouch, William Thomas, Jr. (’20; 726; 
735) (CEFKS), Dist. Mgr., Babcock & Wilcox 
Co., 105 S. La Salle St., Chicago 3, Ill. 

McCully, Harry McKee (’45) (GLM), Prof. & 
Head, Dept. of Drawing & Descriptive Geometry, 
Carnegie Inst. of Tech., Schenley Park, Pitts- 
burgh 13; for mail, Oak Hill Farms, R.D. 2, 
Allison Park, Pa. 

McCune, Jos. C. (716; ’27) (BOR), Dir. of Re- 
search, Westinghouse Air Brake Co., Wilmerding ; 
wr mail, 420 Locust St., Edgewood, Pittsburgh, 

a. 

McCurdy, James David (J’43), Lt., U.S.A., 
1383rd Engrg. Petroleum Distributing Co., A.P.O. 
503, c/o Postmaster, San Francisco, Calif.; for 
mail, 819—17th St., N.W., Puyallup, Wash. 

McCurdy, Robert B. (J’41) (DLYM), Sales 
Ener., B. W. Rogers OCo., 850 S. High : 
aoe for mail, 839 Orlando Ave., Akron 2) 

N10, 

McCutchan, Arthur (J’31) (SBJLF), Engr., De- 
troit Edison Co., 2000—2nd Ave., Detroit 26; for 
mail, 14466 Mansfield St., Detroit 27, Mich. 

McDaniel, Weymouth Neil (J’46), Research 
Asst., Johns Hopkins Univ., Baltimore 18; for 
mail, 86 Kinship Rd., Dundalk 22, Md. 

McDermott, Charles Clifford (731) (CKJHDM), 
Pres., Gen. Megr., McDermott Water Heaters, 
Inc., 514 Genesee St., Trenton 10, N.J. 

McDermott, Gerald Francis (J’42) (SKAMCD), 
Foreman, Babcock & Wilcox Co., Stirling Ave. ; 
for mail, Box 540, R.D. 2, Barberton, Ohio. 

McDivitt, Elvin Theodore (’88;’42) (BHAJNL), 
Ch. Estimator, Lancaster Iron Works, Inc., 560 
S. Prince St.; for mail, R.D. 8, Lancaster, Pa. 

McDonald, Allan Arch (J’43), 819 W. Brooks, 
Norman, Okla. 

McDonald, Daniel Everett (J’43) (BHLMNR), 
Quality Mgr., McKiernan Terry Corp., Harrison, 
ay for mail, 4541—89th Pl., Sunnyside, L.I., 

Nah 


McDonald, Edward Lincoln (’28) (EFKSZ), Re- 
sults Engr., Kansas City Power & Light Co., 
1830 Baltimore Ave., Kansas City 10; for mail, 
5001 Virginia Ave., Kansas City 4, 

McDonald, James F. (’45) (EKP), Dist. Engr., 
Gulf Oil Corp., Box 1111, Seminole, Okla. 

McDonald, James M. (J'39) (CMNOJA), Mch. 
Devel. Engr., E. I. du Pont de Nemours & Co., 
Wilmington 98; for mail, 83 N. Pennewell Dr., 
Wilmington 261, Del. 
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McDonald, Raymond Neil (’37; ’42) (FESANB), 
Asst. Prof., Mech. Engrg., Vanderbilt Univ., 
Nashville 4, Tenn. 

McDonald, William Albert (°20) (BCFKSZ), 
Supt. of Power, Houston Ltg. & Power OCo., 
Houston, Tex. 

McDonnell, William Patterson (’45), Ch. Ob- 
server, Test Dept., Pa. R.R. Co., Altoona; for 
mail, 918 Walnut St., Hollidaysburg, Pa. 

McDonough, P, W. (’21;’31) (CJM), Owner, 
Mgr., McDonough Steel Co., 800—75th Ave., 
Oakland, Calif. 

McDonough, Thomas Lawrence (J’45) (NYMR), 
Jr. Mech. Engr., Design, Sylvania Elec. Prod- 
ucts, Ine., 126 Washington St., Salem; for mail, 
604 Western Ave., Lynn 3, Mass. 

McDougall, George F. (’21) (OBHY), Cons. 
Engr., Board of Trade Bldg., Portland 4, Ore 


McDowell, Charles H. (J’41) (EJSBHF), Lt. 
(j.g.), U.S.N.R., U.S.S. Altamaha,, F.P.O., San 
Francisco, Calif.; for mail, 128 Mayland St., 


Philadelphia 44, Pa. 

McDowell, Robert Wesley (J’30) (CDFOZ), 
Plant Engr., Ford Instrument Co., 31-10 Thomp- 
son Ave., Long Island City 1, N.Y. 

McDowell, Willis Earl (’22;’29;’35) (FSOK 
MZ), Supt., eee Steam Sta., Duke Power Oo. ; 
for mail, Box 87, Duncan, S.C. 

McEachern, Joe Albert (40; ’44) (OCHNBM), 
Lt. Col., Corps of Engrs., U.S.A., 2571st Sta. 
Complement Unit, Sta. Unit, Ft. Belvoir; for 
mail, 373 N. Granada Sti, ‘Arlington, Va. 

McEachern, Thomas H., Jr. C52 a (AOM), 4550 
W._ 68rd St., Los Angeles 43, Calif. 

McEdwards, ‘James Angus (3°45) (BCEGJIN), 
Asst. to Ch. Engr., Ingalls Iron Works; for mail, 
Box 92, Route 2, Birmingham, Ala. 

McEllhiney, William Alva (’26;’35) (HCELR), 


Pres., J. P. Miller Artesian Well Co., Box 359, 
Brookfield, Ill. 
McElroy, John Henry (’40) (GMYAC), Ch. 


Draftsman, R. C. Coxhead Corp., 333—6th Ave., 
New York; for mail, Box 815, Péarl River, N.Y. 

McElroy, John Jerome (’30) (TYM), Gen. Supt., 
Maverick Mills, East Boston; for mail, 267 
Court Rd., Winthrop, Mass. _ 

McElroy, Robert Kenneth (J’42) (NOMJDR), 
Mech. Engr., A. J. Boynton Co., 58 E. Wash- 
ington Blvd., Chicago; for mail, 4952 N. Seeley 
Ave., Chicago 25, Il. 

McElwain, Sharp McCrea (J’40) (BFHJZ), Asst. 
to Welding Engr., Am. Bridge Co., Park Rd., 


Ambridge, Pa. 
McElwee, John J. (J’42), U.S.N.R., 8019 W. 
Milwaukee, Wis. 
ee (CMO), 


Lincoln Ave., 

McEwan, Thomas Spring (’15; 717; 

Manager, ’41-’44, Vice-President, 34474 Weleto 
McClure, Hadden & Ortman, 111 Wwadktheton St., 
Chicago 2; for mail, 1046 Dinsmore Rd., Win- 
netka, Ill. 

McEwen, Clifford William (J’40) (KDC), Engr., 
S. A. Armstrong Ltd., 115 Dupont, Toronto; for 
mail, 35 Jenning Ave., Toronto 9, Ont., Can. 

McEwen, Ewen Gordon (J’45) (BN), Asst. Dir,, 
F.V.D.D., Ministry of Supply, London, W.C. 2; 
for mail, 29 Montpelier Row, Twickenham, 
Middlesex, England. 

McEwin, John Ben (J’42) (ELHSN), Test Engr., 
Humble Oil & Refining Co.; for mail, 2504 
Virginia St., Baytown, Tex. 

McFadden, Benjamin Curtis (’40) (BDFHJS), 
Ch. Mech. Engr., Aluminum Co. of Am., 801 
Gulf Bldg., Pittsburgh 19, Pa. 

McFarland, John Diy dr: (J’38) (SFMCE), 6405 
Flander Dr., Hampshire Knolls, Hyattsville, Md. 

McFarland, Robert E, (J’42) (CH), Lt. U.S. 
N.R., Route 3, Oklahoma City, Okla. 

McFarland, Robert West (J’37) (ACB), Field 
Engr., Sales, Am. Blower Corp., 1003 Statler 
Bldg., Boston 16, Mass. 

McGann, Robert Greaves (’28), Retired; 332 
S. Michigan Ave., Chicago 4, Ill. 

McGee, Hugh Paul (J’41) (MANSD), Mech. 
Engr., River Works, Gen. Elec. Co., Lynn; for 
mail, 14 Grove St., Reading, Mass. 

McGee, J. John (’24;°35), Draftsman, Engrg. 
Dept., Canadian Pacific Ry., Rm. 401, Windsor 
Sta., Montreal ; 1 ad, 5939 Dorocher Ave., 
Outremont, Que., 

McGee, Patrick 7A. C44) (AEFKRS), Asst. Mer., 
East, Region, Electro-Motive Div., Gen. Motors 
Corp., 230 Park Ave., New York 17, Nav. 

McGee, Wm. A. (’20) (BFKNRS), Mech. Engr., 
N.Y. Cent. ae Oo., 1324 W. 8rd St., Cleve- 
land 13, Ohi 

McGibbon, Donald 5 (J’36) (CMR), 172 Prospect 
Pl., Rutherford, N.J 

McGinn, Leo Francis (731; °35), Sales Engr., 
Grinnell Co., 260 W., Exchange St., Providence ; 
for mail, 38 E. Main St., West Warwick, R.I. 

McGinnis, C. Edwin (’38) (BOM), Gen. Mer., 
Bd. of Mech. Engrs., City of Los Angeles, Rm. 
M-85, City Hall, Los Angeles, Calif. 

McGinnis, David McKnight (J’44) (SKEO), 
Cons. Engr., 3138 W. Slauson Ave., Los Angeles 
43, Calif. 

McGinnis, Frank Darrel (J’42), Lt. (j.g.), 
U.S.N.R., E 8-38, Ship Repair Base, Navy 3864, 
F.P.0., San Francisco, Calif. 

McGinnis, James Gates (J’45) (NOBHDJ), Ch. 


Draftsman, McPhee & Johnston, 90 West St.,~ 
New York 6, N.Y. 
McGirr, Robert (J’ 38) (NLYJ), Mech. Engr., 


RXL Lab., Atlas Powder Co., 

204 W. Market Sts Pottsville, Pa. 
McGivern, James G (3°37) (BFJ), 

Engrg., Gonzaga Univ., Spokane, Wash. 


Reynolds ; ; for mail, 


Dean. of 


f- 
é 


“McGladrey, Lyle L. (’46) (W), ¢/o Wood Con- 
version Co., Cloquet, Minn. 

‘McGonigle, Chas. (’19) (CJ), Partner, Poole & 

- McGonigle, 6330 Halsey St., Portland, Ore. 

-McGorman, Donald G, (J’40) (CJM), Gen. Mer., 
Natl. Hardware Specialties Ltd.; for mail, Box 
F, Wallaceburg, Ont., Can. 

“McGorman, William Gordon (J’45), 511 Devon- 
shire Rd., Windsor, Ont., Can. 

“McGowan, Frank Kluber (J’42) (CMJ), Asst. 
Supt. Prod. Engrg., Carl L. Norden, Inc., 80 La- 
fayette St., New York, N.Y.; for mail, 47 Pali- 
sade Rd., Elizabeth, N.J. 

McGowan, Joe Junior (J’44) (ACK), Research 
Engr., Douglas Aircraft Co., Inc., Santa Monica ; 
for mail, 1865 Midvale Ave., Westwood Village, 


Calif. 
-McGrath, Philip Cushing (’28;’41) (LKHIFEY), 
Sr. Engr., C. F. Braun & Co., 1000 S. Fremont 
- Ave., Alhambra, Calif. 
McGraw, Jas. H. (’26), Honorary Pres., McGraw- 
a Publ. Co., Inc., 830 W. 42nd St., New York, 
N 


* McGraw, Jas. H., Jr. (A’38), Pres., McGraw-Hill 

Publ. Co., Inc., 330 W. 42nd St., New York, N.Y. 

* McGraw, John T. (J’38), 5204 Village Green, Los 

. Angeles, Calif. 

McGraw, William James (J’43) (KCH), Ensign, 
U.S.N.R., U.S.S. Hazard, AM-240, F.P.0., New 
rhe N.Y.; for mail, 1722 Walnut St., Berkeley 
4, Calif. 

McGreen, Thomas Campbell (J’43) (AJSBE), 
Instr., Mech. Engrg., Brown Univ., Prospect St., 
Providence 12; for mail, 49 Methyl St., Provi- 
dence 6, R.I. 

McGregor, A. Grant (’05;’12), Cons. Engr., 
Ministry of Aircraft Prod., Selection Trust Bldg., 
Mason’s Ave., London, E.C. 2, England. 

' McGregor, Duncan G. (’37) (CJM), Col., Hdq., 

: Xth Army Corps, A.P.O. 5731, c/o Postmaster, 

San Francisco, Calif. 

McGregor, Harold Garland (J’44) (CJKN), 

\2 Estimator & Ch. Engr., Cent. Boiler & Mfg. Co., 

: 5818 Rivard St., Detroit 11; for mail, 1432 
Vernier Rd., Grosse Pointe 30, Mich. 

McGregor, Howard Leadley (’21;’35), Pres., 

j Natl]. Twist Drill & Tool Co., Rochester, Mich. 

|. McGrew, J. A. (’16), Retired; Cons. Engr., 706 

3 Madison Ave., Albany 3, N.Y. 

' McGuckian, Joseph Patrick (J’31) (CTM), Asst. 
Mgr., Cost Dept., Am. Woolen Co., 225—4th 
Ave., New York 3, N.Y. 

McGuinness, John Peter (J’38) (BCDJMN), Ch. 
Engr., Advance Stamping Co., 7075 Lyndon St., 
Detroit 21; for mail, 21400 Bennett, Detroit 19, 
Mich. 

McGuire, Donald E. (’34), Asst. to Gen. Works 
Mer., Great Lakes Steel Corp., Ecorse; for mail, 
22247 Long Blvd., Dearborn, Mich. 

McGuire, Erwin John (J’29) (MCYJ), Buyer, 
Camera Works, Eastman Kodak Co., 333 State 

= St., Rochester 4; for mail, 54 Roosevelt Rd., 

| : Rochester 10, N.Y. 

- McHale, Walter L. (’29;’85) (FOS), c/o South- 
land Paper Mills, Inc., Lufkin, Tex. 

McHugh, Edw. (J’39) (DHJ), Instr. in Mech. 

. Engrg., Clarkson College of Tech., Potsdam, N.Y. 

MclIlhenney, William (’13) (YBLSNK), Project 
Engr., E. I. du Pont de Nemours & Co., 626 
Schuyler Ave. ; for mail, 149 Linden Ave., Arling- 

2 ton, N.J. 

- MclIlhiney, James Gregory (J’35), Sales Engr., 
Air Reduction Sales Co., Box 590, Tulsa 1, Okla. 

McIlvaine, John H. (A’27) (CF), Pres., Landwehr 
Htg. Corp., 6th & Cayuga Sts., Philadelphia ; 
for mail, 601 Pembroke Rd., Bryn Mawr, Pa. 

= McIlvaine, Robert L. (’389) (CDJ), Ch. Engr., 

; Sales Mgr., Natl. Engrg. Co., 549 W. Washington 
St., Chicago; for mail, 368 Jackson Ave., Glen- 
coe, Tl. 

McIlveen, Edward E. (J’43) (JSY), Research 

; Engr., Okonite Co., Passaic St., Passaic, N.J. 

- McInerney, Frank Thomas, Jr. (J’37) (ABM), 
Design Engr., Gen. Elec. Co,, 1635 Broadway ; 
for mail, 1933 Bayer Ave., Ft. Wayne 38, Ind. 

McInerney, Fulton Clement (J’44) (NHKZAE), 
Mech. Engr., Rm. 244, Bldg. 285, Gen. Elec. Co., 
1 River Rd., Schenectady, N.Y. 

McIntosh, David ©. (39) (CMDGLT), Megr., 
Indus. Engrg., Marshall Field & Co., 121 N. State 
St., Chicago 90; for mail, 803 Hinman Ave., 
Evanston, Il. 

McIntosh, Donald Grant (J’42) (ZLK), Engr., 
Ont. Hughes-Owens Co. Ltd., 3 Hamilton Ave. ; 
for mail, 303 Cambridge St., Ottawa, Ont., Can. 

McIntosh, Robert ('13), Mech. Supt., Calumet & 
Hecla Consltd. Copper Co., Calumet; for mail, 

$ Lake Linden, Mich. 

- McIntosh, William Gourlay (’30) (NJDMLB), 

: Assoc. Prof. Mech. Engrg., Mech. Bldg., Univ. of 
Toronto, Toronto 5, Ont., Can. 

McIntosh, William James (’36) (EBHRA), Megr., 

: Diesel Eng. Dept., Fairbanks, Morse & Co., 1226— 

i 1st Ave. S., Seattle 4; for mail, 2811—32nd 
Ave. S., Seattle 44. Wash. 

McIntyre, Donald Frederick (J’46) (COS), Jr. 
Engr., Mech. Engrg. Dept., Philadelphia Elec. 
Co., 900 Sansom St.; for mail, 5139 Hazel Ave., 
Philadelphia, Pa. 

McIntyre, Dougal Davidson (’45) (SKCJBO), 
Dist. Engr., Erection Dept., Alton & Co. Ltd., 

Stores Rd., Derby; for mail, 46 Springfield Rd., 

Thornton Heath, Surrey, England. 

-’ McIntyre, Harry John (’27; 730) (SEO), Prof. 
Mech. Engrg., Univ. of Wash., Seattle 5, Wash. 
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McIntyre, James K. (’40) (HBJLNS), Engr., 
Dean Bros. Pumps Inc., 823 W. 10th St., Indian- 
apolis 7; for mail, 3485 N. Penn St., Indian- 


apolis 5, Ind. 

McIntyre, Malcolm (’18) (DYWARS), V-P., 
Mech. Engr., Bergen Point Iron Works, W. 5th 
St., Bayonne, N.J.; for mail, Cedar Cliff Rd., 


Riverside, Conn. 


McIntyre, Roger (J’40) (RJE), Design Engr., 
Loco. Dept., Gen. Elec. Co., 2901 Lake Rd., 
Erie, Pa. 


Mcintyre, Wm, §S. (J’36), 13 Artwill St., Milton, 
Mass. 

McKaig, Alvin Williston (’44) (ABDNRY), Div. 
Mer., Fabreeka Products Co., 16 S. Broad St., 
Philadelphia 2; for mail, 2331 N. 58th St., Phila- 
delphia 31, Pa. 

McKaig, Wm, Wallace (A’14) (BJN), Ch. Engr., 
Cumberland Steel Co., Cumberland, Md. 

McKay, Donald B. (J’88) (AJM), Chief Machin- 
ist’s Mate, C.P.0. Mess, Naval Trng. Center, San 
Diego, Calif. 

McKay, Francis Joseph (J’44) (AJBHY), 362 
Eastern Ave., East Lynn, Mass. 

McKay, Juan Bautista (J’36) (CORMKH), Gen. 
Mgr., Tecnica Nacional, S.A., Apartado 1764; for 
mail, Apartado 85, Panama, Republic of Panama. 

McKay, William Edgar (J’45) (CMD), Mem., 
Spec. Serv. Staff, Indus. Engr., Ernst & Ernst, 
231 S. La Salle St., Chicago, Ill. 

McKean, C. V. (J’44) (FJ), Box 996, Baytown, 
Tex. 

McKean, Robert Knight (J’41) (BJO), Metal- 
lurgist, Homestead Works, Carnegie-Ill. Steel 
Corp., Munhall ; for mail, 237 N. Dithridge, Pitts- 
burgh 13, Pa. 

McKeand, Marshall L, (A’44) (CDM), Ch. Indus. 
Engr., Dayton Malleable Iron Co., 400 Detrick 
St peyton; for mail, 4417 Queens Ave., Dayton 
9, Ohio. 

McKee, Arthur Glenn (’07; F’48) (OEK), Pres., 
Dir., Arthur G. McKee & Co., Box 5608, 2300 
Chester Ave., Cleveland 1, Ohio. 

McKee, Neal Trimble (’07; 712; F’44) (FKRS), 
ae Superheater Co., 60 E. 42nd St., New York 
Li, NOX. 

McKee, Thomas Cahoon (’18) (BK), Pres., Mid- 
west Engrg. & Equip. Co., 617 Fulton St., Chi- 
eeee 6; for mail, 4709 Beacon St., Chicago 40, 
Tl. 

McKee, Waldo McCutcheon (’27; 35) (SJKCL), 
Asst. Sales Mgr., M. W. Kellogg Oo., 225 Broad- 
way, New York 7, N.Y. 

McKee, Walter Reid (J’44) (DCKS), Asst. Pur. 
Agt., Air Preheater Corp., 121 S. Main St.; for 
mail, 117 Jefferson St., Wellsville, N.Y. 

McKee, Wayne Sherwood (’39) (NBMJ), Asst. 
Prof. Mech. Engrg., Carnegie Inst. of Tech., 
Pittsburgh 18; for mail, 612 Arden Rd., Pitts- 
burgh 16, Pa. 


McKelvy, Francis Graham (’22) (©), Pres., 
Alpha Portland Cement Co., 15 S. 8rd St., 
Easton, Pa. 

McKendrick, Leslie (’40) (FHKLSY), Phila- 


delphia Dist. Mgr., Foster Wheeler Corp., 2214 
Packard Bldg., Philadelphia 2, Pa. 

McKenna, Joseph Francis (’35; 45) (BCEFKS), 
Ch. Draftsman, Wickes Boiler Co., 515 Washing- 
ton St., Saginaw; for mail, 1022 Owen St., 
Saginaw 28, Mich, 

McKenna, Joseph Victor (J’42) (CHM), c/o Can. 
Pumps Ltd., Kitchener, Ont., Can. 

McKenna, Philip M. (’41) (M), Pres., Kenna- 
metal Inc., 1 Lloyd Ave., Latrobe, Pa. 

McKenna, Roy Carnegie (’18) (JM), Chmn. of 
Bd., Vanadium-Alloys Steel Co., 2408 Grant 
Bldg., Pittsburgh 19, Pa. 

McKenney, James Francis (’36;’45) (NBJG 
MH), Mech. Designer, Gen. Elec. Co., 100 Wood- 
lawn Ave.; for mail, Box 399, 54 Wendell Ave., 
Pittsfield, Mass. 

McKenzie, Allan Melvin (J’41) (SJB), Mar. 
Engr., Piping Design, Bur. of Ships, Navy Dept., 
Washington 25, D.C.; for mail, 4307 Eastern 
Ave., Mt. Rainier, Md, 

McKenzie, Donald Hughes (J’39) (CMLA), Pres., 
Jackson Bangor Slate Co., Pen Argyl; for mail, 
61 N. 4th St., Bangor, Pa. 

McKenzie, James (’42) (KSBCFM), Ch. Engr., 
John Inglis Co., Ltd., 14 Strachan Ave., Toronto 
2; for mail, 294 Wright Ave., Toronto 3, Ont., 
Can. 

McKeon, Thomas Francis (J’41) (SHKF), Asst. 
Engr., Sta. Effic., Commonwealth Edison Co., 
1111 W. Cermak Rd., Chicago 8; for mail, 7015 
East End Ave., Chicago 49, Ill. 

McKeown, Gregory M. (J’35) (ABH), Vickers, 
Inc., Hibbs Bldg., Washington, D.C.; for mail, 
Apt. 158, 1817 Queens Lane, Colonial Village, 
Arlington, Va. 

McKeown, John Andrew (’31) (FGJ), 491 Staten 
Ave., Oakland 10, Calif. 

McKernan, Hugh J. (J’25) (FKS), Effic. Supvr., 
Consumers Power Co., 212 W. Michigan Ave. 5 
for mail, 108—2nd St., Jackson, Mich. 

McKinney, Russell Edward (’44) (NJACDM), 
Dist. Mgr., Indus. Div., Timken Roller Bearing 
Co., 8500 Woodward Ave., Detroit 2, Mich. 

McKinsey, Ellis Carl (J’42) (OCKE), Mech. 
Engr., Sacramento Dist., U.S, Engrs., War Dept., 
8th & L Sts., Sacramento; for mail, 316 B St., 
Marysville, Calif. 

McKinty, James (’42), Gen. Supt., Bottling Div., 
P. Ballantine & Sons, 57 Freeman St., Newark, 
N.J. 
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McKinzie, Daniel Joseph (’46) (AKS), Mech. 
Engr., Kellex Corp., 233 Broadway, New York; 
for mail, 91 Loring Ave., Yonkers, N.Y. ‘ 

McKittrick, William Kennett (A’45) (BIN) 
V.P., Mchy. Builders, Inc., 38-50—88th St., Long 
Island City ; for mail, Bayville, PLES Nay. 

SA Sala it ne Ao (28), Supt. Power Plants, 

x ecm Co,); i i 5 
eect: He 3 for mail, 1625 Vine St., 
eKnight, Edward Wiley (J’36 ESF 
Greenwood County Elec. Doser Ose Gas 
wood ; for mail, R.F.D. 1, Chappells, S.C. 

McLain, Arnold Roy (’45) (BDJLMS), Welding 
Engr., Combustion Engrg. Co., Ine., 1032 W. 
Main St., Chattanooga, Tenn. : ; 

patted cone aan! (21) (SDWO), Sales 

ngr., Gen. ec. Hy ing é v 
mos oF o., 570 Lexington Ave., New 
cLain, William Richard (J’43 L 
Plastic Div., Kusan, Inc., Bondemoe oo” ees 

McLane, Roye Miller (J’27) (AREZ), Instrument 
Mechanic Engr., Glenn L, Martin Co., Baltimore: 
for mail, 1706 E. Lanvale St., Baltimore 13, Md. 
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250; for mail, 103 W. 14th St., Rolla, Mo. 

Miles, Forrest Arthur (J’42) (ACW), Lt. (j.g.), 
U.S.N.R., Design Unit, Bur. of Ord., Navy Dept., 
Calif. Inst. of Tech., Pasadena 4, Calif. 


Miles, George N. (J’48), 150 Mayflower PIl., 
Milford, Conn. 
Miles, John C. (J’39) (SEFCLM), Asst. Prof. 


Mech. Engrg., Univ. of Ill., Urbana, III. 


Miles, Robert Samuel (J’38) (CMJ), Supvr., 
Indus. Engrg. Dept., Gary Works, Natl. Tube 
Co.; for mail, 4069 Delaware St., Gary, Ind. 


Miley, Frederick Benedict (J’45) (BEFH), Boiler 
Estimator, Combustion Engrg. Co., Ine., 200 
Madison Ave., New York 16; for mail, 1721 
Montgomery Pl., New York 61, N.Y. 

Miley, Harrie William (J’39) (CDLMO), Safety 
Engr., Rochester Products Div., Gen. Motors 
Corp., 1000 Lexington Ave., Rochester 8, N.Y. 

Milford, Albert M. (J’ 30), V.P., Capital Fdy. 
Corp., 4th St. & 26th Ave., Long Island City ; 
for mail, 145-18—21st Ave., Whitestone, N.Y. 

Milici, Frank, Jr, (J’43) (ABCM), Jr. Engr., 
Calibration Unit, Wood-Ridge Plant, Wright 
Aero, Corp., Wood-Ridge; for mail, 21 N, 13th 
St., Haledon, Paterson 2, N.J. 

Mill, Victor John, Jr, (3°43) (HCDJ), Gen. Megr., 
Lawrence Mch. & Pump Oorp., 371 Market St., 
Lawrence, Mass. 

Millar, Robert L. (J’40) (ACJ), 5 Banks St., 
Waltham 54, Mass. 

Miller, Adam James, II (J’41) (MCDEFA), Lt. 
(j.g.), U.S.N.R., 221 Bailey St., New Cumber- 
land, Pa. 

Miller, Albert Raymond (’29;’85) (FSEK), 
Power Engr., Gen. Foods Corp., 250 Park Ave., 
New York, N.Y.; for mail, 190 Churchill Rd., 
Teaneck, N.J. 

Miller, Alten Sidney (’14; F’45) (EJM), Cons. 
Engr., 80 Westcott Rd., Princeton, N.J. 

Miller, Archibald Tearse (’25; ’87) (ACRKS), 
Sales Engr., Eclipse-Pioneer Div., Bendix Aviation 
Corp., Teterboro ; for mail, 125 Godwin Ave., 
Ridgewood, N.J. 
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Miller, Arnold Henry (’21;’24) (MOW), Cons. 
Engr., 140 Nassau St., New York 7, N.Y. 

Miller, Arthur A. (J’37) (LMSZ), Devel. Ener., 
Titanium Div., Natl. Lead Co., Sayreville, N.J.; 
eae mail, 2180 Richmond Rd., Staten Island 6. 


Miller, Arthur Morris (’38; ’45) (CMDTG), Sales 
Engr., Willcox & Gibbs Sewing Mch. Co., 214 W. 
39th 'St., New York 18, N.Y.; for matl, 924 
Castle Point Terrace, Hoboken, NJ. 

Miller, Aubrey Bernard (J’ 41) “BAs), Asst. 
Project Engr., Pratt & Whitney Aircraft Div., 
United Aircraft Corp., East Hartford; for mail, 
359 Fern St., West Hartford 7, Conn. 

Miller, Burton Rich (J’39) (CEFK), Staff Engr., 
Plant Engrg. Dept., Caterpillar Tractor Oo., 
Peoria; for mail, 1014 W. McClure, Peoria 5, Ill. 

Miller, Carl E, (’36; ’41) (FSECDK), Chief, Htg. 
Sec., Office of Chief of Engrs., 21st & Virginia 
Ave., Washington, D.O.; for mail, 83 Ft. Hunt 
Rd., Alexandria, Va. 

Miller, Charles Brookshire (A’48) (COYZ), V.P., 
Automatic Sprinkler Corp.; for mail, 447 Cata- 
lina Ave., Youngstown, Ohio. 

Miller, Charles Marshall (J’43) (CMJA), Ensign, 
Civ. Engr. Corps, U.S.N.R., 29th Naval Constr. 
Bn., Navy 3705, F.P.O., San Francisco, Calif. ; 
for mail, 133 Peterborough St., Boston 15, Mass. 

Miller, Charles Thomas (J’43) (OMCDAY), Naval 
Arch,, Naval Shipyard, Boston; for mail, 393 W. 
Broadway, South Boston 27, Mass. 

Miller, Clarence A. (16; ’26;’35) (RABGS), 
Pres., Lake Erie, Franklin & Clarion R.R. Co., 
Clarion; for mail, Rosemont Farm, Franklin, Pa, 

Miller, David (J’45) (MYZCAD), Supvr., Einson- 
Freeman Co., Inc., 53-06 Grand Ave., Maspeth, 
L.I.; for mail, 105 E. 177th St., Bronx 53, N.Y. 

Miller, David, Jr. (J’43) (SEFLZO), Asst. Mech, 
Engr., J. G. White Engrg. Corp., 80 Broad St., 
New York 4; for mail, 3636 Greystone Ave., New 
York’ 63, N.Y 

Miller, David Jacob (J’42) (EFA), Sr. Test Engr., 
Wright Aero. Corp., eeeene for mail, 182 S. 
Broad St., Ridgewood, NJ 

Miller, Donald E. (3°45) (LSCEFK), Constr. 
Engr., Procter & Gamble Co., Ivorydale 17; for 
mail, 2423 Jefferson Ave., Cincinnati 12, Ohio. 

Miller, Donald James (J’45), Kimberly-Clark 
eres Neenah; for mail, 546—8rd St., Menasha, 


Mille;, Durben Erie (J’44) (MYEFRB), U.S.N.R., 
Engrg. Officer, LST-702, F.P.0., San Francisco, 
reagae for mail, Box 101, Route 1, Paragould, 


Ark. 

Miller, Edgar B, (’38) (MJHBS), Asst. Ch. Engr., 
Charge of Devel., Commercial Iron Works, Box 
2230, Portland 14; for mail, 654 S.E. 52nd Ave., 
Portland 15, Ore. 

Miller, Edgar Harriott (’44), Ch. Engr., Packing 
cere Corp. ; for mail, 4 Pittsfield St., Cranford, 


Miller, Edward Earl (J’40) (BMROSN), Mar. 
Elec. Engr., Md. Drydock Co., Box 6306, South 
Sta., Baltimore 30; for mail, 2411 Garrison Blvd., 
Baltimore 16, Md. 

Miller, Edward Godfrey (18; 718; ’85) (CKLZ), 
Pres., Compafiia Azucarera Atlantica del Golfo; 

P., Cuban Atlantic Sugar Oo., Apartado 69, 
Havana, Cuba. 

Miller, Edward Harry (J’46), a dai U.S.N.R. ; 

' 1147 Keyes Ave., Schenectady, N ay 

Miller, Edward its (J’37) (BJ), Woodbury Rd., 
Woodbury, L.I., N.Y. 

Miller, Biton Willard (’19) (CABKJ), Chief, 
Admin. Dept., Natl. Advis. Com. for Aero., 
Langley Field, Va. 

Miller, Emanuel Jacques (J’46), U.S. Navy; 682 
Montrose Ave., S.E., Roanoke 13, Va. 

Miller, Ernest F, (’40) (ABC), Mgr., Engrg. 
Operas., Westinghouse Elec. Corp., Lester, Branch 
P.O., Philadelphia 18; for mail, 79 Bryn Mawr 
Ave., Lansdowne, Pa. 

Miller, Erwin E. (J’39) HJM), Capt., Ord. 

Raritan Arsenal, 


Engrg. Div., 

Frank “Dana (J’39) (LHBNE), Mech. 
ready with Douglas M. McBean, 315 Alexander 
Sty, Rochester 4; for mail, 109 Edgewood Ave., 
Rochester 10, N.Y. 

Miller, Frank William (’28;’34;’385) (NCSL 
JZ); Works Mgr., Yarnall-Waring Co., 102 E. 
Mermaid Lane; for. mail, 7805 Cobden Rd., 
Philadelphia 18, Pa. 

Miller, George Henry (J’40) (MNCLHA), Process 
Engr., Danly Mch. Specialties Inc., 2100 S. 52nd 
Ave., Cicero 50; for mail, 9532 Jackson Ave., 


Brookfield, Ill. 

Miller, George P. (J’38), Draftsman, Douglas 
Aircraft Co., Inc., 8000 Ocean Park Blvd., Santa 
Monica; for mail, 9036 Hargis St., Los Angeles 
34, Calif. 

Miller, H. C. L., Ee (J’23), Life Ins. Co. of Va. 
Bldg., Richmond, 

Miller, Harry (J any (NZSBH), Engr., Shirgun 
Corp., 186 W. 52nd St., New York; for mail, 
1473 Dahill Rd., Brooklyn eae 


Miller, Harry (J’41) (AES), Midshipman, 
U.S.N.R., See. 25, Midshipmen’s Sch., Notre 
Dame, Ind. 

Miller, "Harry Conold (’44), Field Engr., Gibbs &- 


Hill, S.A., San Juan de Letran 8- 402, Mexico, 
D.F., Mex. 

Miller, Harry Garfield (’44) (RJBCES), Mech, 
Engr., Chicago, Milwaukee, St. Paul & Pacific 
R.R., 321 Everett St., Milwaukee 3; for mail, 

1933 8. 82nd St., West Allis 14, Wis.” 
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“Miller, Henry Oscar (J’43) (ABMJOK), Elec- 


tronics Technician’s Mate, 3rd Class, U.S.N.; for 

mail, 2235 S. 60th Court, Cicero 50, Ill. 

Howard E. (J’35) (ACD), 901 N. 
Frederic St., Burbank, Calif. 

Miller, J. Melvin (J’42) (A), Maj., Army Air 
Forces, U.S.A., Exec. Officer, Working Com., The 
‘Aero. Bd., 4311 Munitions Bldg., Washington 25, 

.C.; for mail, Box 284, R.F.D. 3, Vienna, Va. 

Jack (J’44) (NZMOBJ), Mech. Engr., 

Design, Austin Co., 19 Rector St., New York; 

for mail, 1640 Park Pl., Brooklyn Soave 

James Gilbert (39) (CDF), Supt. of 
Engrg., Westvaco Chlorine Products Corp., South 
Charleston; for mail, 1003 Valley Rd., Charles- 
ton, W.Va. 

Miller, Jo Zach, IV (J’41) (FJS), Lt., Staff, 
Comdr. Serv. Force, U.S. Pacific Fleet, Fleet 
Maint. Office, F.P.O., San Francisco, Calif. 

Miller, John Andrew (713) (DFR), 7 8S. New St., 
Nazareth, Pa. 

Miller, John Andrew (J’38) (ABFGN), Research 
Engr., Calif. Research Corp., Richmond ; for mail, 
87 Ross Circle, Oakland, Calif. 

Miller, John Calvin (J’40) (NBMK), Mech. De- 
sign Engr., D. W. Onan & Sons, 43 Royalston 
Ave., Minneapolis 5; for mail, 4018 Thomas Ave. 
N., Minneapolis 12, Minn. 

Miller, John Edwin (J’43) (AHKMN), Test 
Engr., Wright Aero. Corp., 132 Beckwith Ave., 
ig 83; for mail, 38 Heights Rd., Wyckoff, 


J. 

Miller, John G. (J’34) (HKS), Lt. (j.g-), 
U.S.N.R., Bur. of Ships, Navy Dept., Washington, 
D.C. ; for mail, 304 Duncan Ave., Alexandria, Va. 

Miller, John William (’44) (NMCBYJ), Manag- 
ing Dir., Thornhill Industries Ltd., 2 College St., 
Toronto; for mail, 223 Fairlawn Ave., Toronto 
12, Ont., Can. 

Miller, Joseph Earl (J’44) (NSMHBA), Mech. 
Engr., Test Apparatus Designer, Natl. Advis, Com. 
for Aero., Langley Field, Va.; for mail, Box 180, 
R.R. 1, Clinton, Ind. 

Miller, Joseph Francis (J’45) (ABM), Radio 
Corp. of Am., Camden, N.J.5; for mail, 98 Hartley 
Rd., East Lansdowne, Pa. 

Miller, Joseph Paul (’44) (RBNEA), Mech. Engr., 
Electro-Motive Div., Gen. Motors Corp., La 
Grange; for mail, 4820 Highland Ave., Downers 
Grove, Ill. 

Miller, Karl Frederick (J’37) (ENRS), Combus- 
tion Expert, N.Y. Cent. System, 466 Lexington 
Ave., New York 17, N.Y. 

Miller, Karl Otto (41) (EFHKLS), Mgr. Steam 
Apparatus, Westinghouse Elec. Corp., 3001 Wal- 
nut St., Philadelphia 4, Pa. 

Miller, Kay (’45) (MHEBJY), Devel. Engr., Cent. 
Engrg. Dept., Food Mchy. Corp., 333 W. Julian 
St., San Jose, Calif. 

Miller, Keith William (J’42), R.F.D. 1, Coloma, 


Mich. 

Miller, Laurence George (745) (SCKF), Asst. 
Supvg. Engr., Inventory Control Div., Common- 
wealth Edison Co., 72 W. Adams St., Chicago 90; 
for mail, 810 Columbian Ave., Oak Park, Ill. 

Miller, Lawrence Lantz (J’40) (CMDEJL), 
5418 Lemon Grove Ave., Los Angeles 38, Calif. 

Miller, Melville Stone (J’42) (CZA), Student, 
Pomona College, Claremont; for mail, 248 S. 
Normandie Ave., Los Angeles 4, Calif. 

Miller, Morton Alex (J’42) (KMOC), Mech. Engr., 
Refrigeration Engrg. Inc., 6107 S. Central Ave. ; 
for mail, 811 B, 74th St., Los Angeles 1, Calif. 

Miller, Newby Lewis (’28; 46) (SFKH), Test 
Engr., Kansas City Power & Light Co., P.O. Sta. 
F, Kansas City 1, Mo. 

Miller, Nils (’36) (AB), Dist. Mgr., SKF Indus- 
tries, Inc., 591 Peachtree St., Atlanta 3, Ga. 

Miller, Norman E. (’40) (AHM), Pres., Dir. of 
Engrg., Norman E. Miller & Associates, 648 Buhl 
Bldg., Detroit 26, Mich. 

Miller, Norval Richard (J’43) (NBJDCM), 
Draftsman, United Engrg. & Fdy. Co., 1st Natl. 
Bank Bldg., Pittsburgh 22; for mail, 525—4th 
St., Pitcairn, Pa. 

Miller, Paul Harry (’45) (MNBLJR), Process 
Engr., Carboloy Co. Inc., Box 237, Roosevelt Park 
P.0., Detroit 32, Mich. 

Miller, Paul V. (’30) (DBMNO), Mgr., Small Tool 
Div., Taft-Peirce Mfg. Co., Woonsocket, R.I. 

Miller, Paul William (J’46), 154 Monroe St., 
N.W., Warren, Ohio. 

Miller, Ralph Hansen (’19; 735) (EBNJR), Ch. 
Engr., Cycle Div., Nordberg Mig. Co., Chase St., 
Milwaukee 7, Wis. 

Miller, Richard Clayton (J’42) (ACMYJL), Tech. 
Engr., Gen. Elec. Co., Western Ave.; for mail, 
138 Williams Ave., Lynn, Mass. 

Miller, Richard O. (’43) (OMC), Engr., Trundle 
Engrg. Co., Bulkley Bldg., 1501 Euclid Ave., 
Cleveland 15, Ohio; for mail, 733 W. Lasalle St., 
South Bend, Ind. 

Miller, Robert Anderson (’31) (LMOAYO), Tech. 
Sales Engr., Pittsburgh Plate Glass Co., 2000 
Grant Bldg., Pittsburgh 19, Pa. 

Miller, Robert C., Jr. (J’37) (AMC), Prod. Engr., 
Bell Aircraft Corp., Marietta; for mail, Terrace 
Apts., 140 Alden Ave., N.W., Atlanta, Ga. 

Miller, Robert H. (J’35) (MFR), Lt. (.g-), 
U.S.N.R., 1927 S. 95th St., West Allis 14, Wis. 

Miller, Robert Irving (’46) (ODO), Mgr., Curtis 
Publ. Co., Independence Sq., Philadelphia 5, Pa. 

Miller, Robert Oscar (J’42) (ANCMBJ), Engr., 
Gen. Elec. Co., 920 Western Ave., Lynn; for 
mail, 12 Banks Circle, Swampscott, Mass. 


Miller, Robert P. (J’40) (ABE), 1884 Bedford 
Rd., Columbus, Ohio, 

Miller, Robert Stoecker (J’40) (CMDY), Capt., 
Coast Arty. Corps (AA), Automotive Dept., Anti- 
aircraft Arty. Sch., Bldg. 1915, Camp Davis, 
N.C. ; for mail, 8025—11th Ave., N.E., Seattle 5, 


Wash. 
Miller, Robert Wright (J’36) (COM), Staff 
Consultant, with Frederick E. Anderson, 375 


Riverside Dr., New York 25, N.Y¥.; for mail, 
234 Speedwell Ave., Morristown, N.J. 

Miller, Rolla Leonard (’37;’41) (CFS), Inspr., 
Hartford Steam Boiler Inspe. & Ins. Co., 807 
Van Nuys Bldg., Los Angeles; for mail, 2039 
Camino Real, Arcadia, Calif. 

Miller, Roswell (’22;’26; 735), Migdale House, 
Millbrook, N.Y. 

Miller, Sheldon Martin (J’39) (MOCWLK), Part- 
ner, Tech. Serv. Co., 910 S. Boston, Tulsa, Okla. 

Miller, Sherman Nussey (’44) (BRS), Ch. Mech. 
Engr., Am. Loco. Co., Jay St., Schenectady 5; 
ieee nee 2009 Lexington Pkwy., Schenectady 8, 

Miller, Spencer, Jr. (’42), 217 Turrell Ave., South 
Orange, N.J. 

Miller, Spencer, Sr. (’88; 1°36) (A), Manager, 
1417, Vice-President, ’17-"19; 661 Glenneyre 
St., Laguna Beach, Calif. 

Miller, Stanley 0. (J’39) (CMYAO), Secy., 
Treas., New Products Corp.; for mail, Box 273, 
Benton Harbor, Mich. 

Miller, Stephen Chas, (’24) (DMK), Drafting 
Supvr., Matson Navigation Co., 215 Market St., 
San Francisco 5; for mail, 416—17th Ave., San 
Francisco 21, Calif. 

Miller, Theodore H. (’06), 12 Forbus St., Pough- 
keepsie, N.Y. 

Miller, Walter (’22) V.P., Continental Oil Co., 
Ponea City, Okla. 

Miller, Walter A. (J’42) (BDYZLR), Research 
Ener., Bakelite Corp., 230 Grove St. ; for mail, 
153 Franklin St., Bloomfield, N.J. 

Miller, Walter Hubert (A’43), Instr. in Mech, 
Engrg., Univ. of Mo.; for mail, 1313 Wilson 
Ave., Columbia, Mo. 

Miller, Wesley Albert (’42) (LBK), Supvg. 
Engr., Charge Pressure, Chem. Plants Div., 
Blaw-Knox Co., 5001 Baum Blvd., Pittsburgh 6, 


Pa. 

Miller, Wesley Barrington (42), Capt. Army 
‘Air Forces, U.S.A., Wright Field; for mail, 205 
Apple St.. Dayton, Ohio. 

Miller, William Dawes (J’42) (ACM), 1021 
Greenville Ave., Glendale, Ohio. 

Miller, William Glenn (744) (CBMJ), Megr., Hda. 
Mfe. Dept., Westinghouse Elec. Corp., 306—4th 
Ave., Pittsburgh; for mail, 1148 Cedar Blvd., 
Pittsburgh 16, Pa. 

Miller, William Henry (J’43) (YZSKBL), 1363 
Tutwiler Ave., Memphis 7, Tenn. 

Milligan, Robert Galt (’38) (FLS), Supvr., 
Ocean Accident & Guarantee Corp., 1 Park Ave., 
New York, N.Y. 

Millikan, Robert Andrews (Non-Member), 
A.S.M.E. Medallist, ?26; Prof. of Physics, Calif. 
Inst. of Tech., Pasadena 4, Calif. 

Millinger, William A, F. (718; 719; ’30) (AOE 


Net 1864 North Ave. 51, Los Angeles 42, 
alif. 
Mills, Blake David, Jr. (’35;’44) (NJBYO), 


938—22nd Ave. N., Seattle 2, Wash. 
ae David L. (’44) 919 N. 5th Ave., Maywood, 


Mills, Ernest A. (’25), Ch. Engr., Mgr., Elec- 
tricity Dept., Metro. Borough of Hackney, 18-24, 
Lower Clapton Rd., Hackney, London, E. 5; for 
mail, 26 Bancroft Ave., E. Finchley, London, 
N. 2, England. 

Mills, Eugene Booth (J’43) (COSJHM), Ensign, 
U.S.N., LST-1087, F.P.0., San Francisco, Calif. ; 
for mail, 5388 S. Fountain St., Wichita 9, Kan. 

Mills, Frank C., Jr. (J’41), Lt., U.S.N.R., Merion 
Cricket Club, Haverford, Pa. 

Mills, Frederic (’28;’35) (BMR), 
Engr., West. Australian Govt. Rys., 
Junction, Western Australia, 

Mills, Frederick (J’41) (ABJ), Graduate Stu- 
dent in Bacteriology, Univ. of N.C.; for mail, 
Box 1678, Durham, N.C. 

Mills, Fulton Sherman (J’34) (G@), Ch. Drafts- 
man, Div. of Highway Planning, Miss. State 
Highway Dept., Box 1638, Jackson 113; for 
mail, 539 S. Jackson St., Brookhaven, Miss. 

Mills, Halstead Henry (A’22), Ch. Safety Engr., 
City of Detroit, 555 Clinton St., Detroit 26, 
Mich. 

Mills, Harold H. (J’13), Exec., Dryden_& Palmer 
ine; 43-44—21st St., Long Island City, LL, 

Mills, Joseph Irvin (J’41) (NJYHMA), Devel. 
Engr., Plant B, Wheel & Brake Div., Good- 
year Aircraft Oorp.; for mail, Apt. D-766, Wren 
Walk, Akron 11, Ohio. 

Mills, Victor Blackford (J’43) (JMC), Engr., 
Am. Sheet Metal Works Inc., 920 N.E. Glisan 
St., Portland 14; for mail, 7316 S.E, 31st Ave., 
Portland 2, Ore. 

Mills, William Earl (J’42) (MKJHGF), Engr., 
Draftsman, W. Coast Shipbuilders Ltd., 205 Ww. 
1st Ave.; for mail, 1820 W. 10th Ave., Van- 
couver, B.C., Can. 

Millson, John Case (J’36) (JBANRS), Metal- 
lurgist, Aluminium Labs. Ltd., Box 84; for mail, 
10 Regent St., Kingston, Ont., Can. 
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Millspaugh, Wm, H,. (’03;’14), Pres., Centrifu- 
gal Steel, Inc., Box 547, Sandusky, Ohio ; Chmn., 
sralapeveh, Ltd., Vulean Rd., Sheffield 9, Eng- 
and, 

Milne, Gordon Ross (744) (SFKO), Supt., East 
River Sta., Consltd. Edison Co. of N.Y., Inc., 
4 Irving Pl., New York 3, N.Y.; for mail, 57 
Wayland Dr., Verona, N.J. 

Miltenberger, Geo, K. (’713;’25) (FHS), Gen. 
Supt., Elec. Opera., Union Elec. Co. of Mo., 
315 N. 12th Blvd., St. Louis, Mo. 

Mims, William Henry (J’44) (RMBNFC), Shop 
Engr., Cent. of Ga. Ry. Co., Pine St., Macon, Ga. 

Minarik, Rudolf Glenn (40) (NBWK), Div. 
Engr., Research & Devel., Kimberly-Clark Corp., 
Neenah, Wis. 

Mindlin, Raymond D. (’38) (BNAJHO), Assoc. 
Prof. Civ. Engrg., Columbia Univ., New York 
27; for mail, 45 Christopher St., New York 14, 


NEY. 

Mindnich, Charles Edward (J’42) (CMS), 79 
Henderson Ave., Kenmore 17, N.Y. 

Miner, Anson Wadsworth (’40) (CBL), Sales, 
Waterbury Brass Goods Branch, Am. Brass Co., 
Box 829, Waterbury; for mail, 21 Frederick St., 
Waterbury 38, Conn. 

Miner, Harold L. (17; 735) (ACDLMY), Mer., 
Safety & Fire Protection Div., E. I. du Pont 
de Nemours & Co., 10th & Market Sts., Wilming- 
ton 98, Del.; for mail, 4237 Osage Ave., Phila- 
delphia 4, Pa. 

Miner, Irving 0. (’41) (ZBH), Ch. Engr., Charge 
Design, Builders-Providence, Inc., 9 Codding St., 
Providence 1; for mail, 36 Hill Court, Rumford 
16, R.1. 

Ming, Frederick W. (718; 25; 735) (MNG), As- 
soc. Prof. Mech. Engrg., Poly. Inst. of Brook- 
lyn, 99 Livingston St., Brooklyn De Ns ; 

Asst. Proj- 


Minges, John Victor (J’42) (BLS), r 
ect Engr., E. B. Badger & Sons Co., 75 Pitts 
St., Boston, Mass. 

Mingledorff, Walter Lee, Jr. (J’37) (CMBF), 


V.P., Savannah Mch. & Fdy. Co., 632 Indian St. ; 
for mail, 188 E. 50th St., Savannah, Ga. 

Miniberger, George Vaclav (729; 742) (NBMD), 
Designing Engr., Harnischfeger Corp., 4400 Ww. 
National Ave., Milwaukee 14; for mail, 902 s. 
24th St., Milwaukee 4, Wis. 

Minieka, Edward Thomas (3740) (ACGKSZ), 
Asst. Engr., Commonwealth Edison Co., 72 W. 
‘Adams St., Chicago 90; for mail, 3303 S. Lowe 
Ave., Chicago 16, Nl. 

Mink, Joseph Andrew J’44), Design Draftsman, 
De Laval Steam Turbine Co.; for mail, 219 
William St., Trenton, N.J. 

Minkema, Wm. H. (718 ; 725 ; 735), Universal 
Oil Products Co., 310 S. Michigan Ave.; for 
mail, 10716 S. State St., Chicago, Ill. 

Minkin, Herbert Laurence (3°45) (ABF), Mech. 
Ener., P-2, Natl. Advis. Com. for Aero., Cleve- 
land Airport, Cleveland; for mail, 955 E. 130th 
St., Cleveland 8, Ohio. 

Minns, Rupert Garfield (’41) (ONYBMS), Ch. 
Engr., Natl. Rubber Mchy. Co., 917 Sweitzer 
Ave., Akron 11, Ohio. 

Minor, Burt Stanley (30) (BOJMHD), Wales, 
Charge Engrg., Regan Forge & Engrg. Co., 1801 
Regan St., San Pedro, Calif. 

Minor, John C, (’38), Cons. Engr., 110 E. 42nd 
St., New York, N.Y. 

Minshall, Jay Roland (J’44) (MCGNOB), Asst. 
Engr., Engrg. & Maint. Dept., Eastman Kodak 
Co., Kodak Park, Rochester 13; for mail, 14 
Ave. D, Rochester 5, N.Y. 

Mirsky, William (J’44), 18 York St., Hartford 
6, Conn. 

Misch, Charles Bi eer uly 795) (YDLC), 
Metro. Dist. Mgr., Engrg. & Sales, Read Mchy. 
Co. Inc., York, Pa.; for mail, 114 E. 87th St., 
New York 28, N.Y. , 

Miser, John Pyle (J’ 44) (NMKDCA), Design 
Engr., Knox Stove Works, 2016 Ailior Ave., 
Knoxville 7; for mail, 3908 Bellemeade Ave., 
Knoxville 16, Tenn. 

Mises, Richard von (748) (AB), Prof., Graduate 
Sch. of Engrg., Harvard Univ., Cambridge ; for 
mail, 81 Concord Ave., Cambridge 38, Mass. 

Misner, David M. (J’46), 335 Newbury St., Bos- 


ton, Mass. 

Misselhorn, Howard John (3°41) (MCDBHJ), 
Engr., Gen. Elec. Co.; for mail, 71 Pomeroy 
Ave., Pittsfield, Mass. 

Mistron, Carl Andrew (3°42) (MABCJ), Meth- 
ods Engr., Control Instrument Co., 65-67—85th 
St., Brooklyn; for mail, 4801—48rd Ave., Long 
Island City 4, N.Y. < 

Mitcha, John Ludvig (J’42) (SE), Turbine Field 
Engr., Gen. Elec. Co., 840 S. Canal St., Chi- 
eago 80, Ill. 

Mitcham, Edward Hartwell ('23;737) (ONM 
YAB), Lt. Col., Corps of Engrs., U.S.A. ; Secy., 
Treas., Standard Associates, Inc. ; for mail, Edge- 
wood, Katonah, N.Y. 


Mitchel, Albert H. (45) (NMLOJ), Designing 


Engr., 311 Lincoln Bank Bldg., Syracuse 2, 
NEY 

Mitchell, A. Hoadley (J’41) (ACM), Capt., 
Army Air Forces, Prod. Line Maint. Officer, 


Stockton Field, Calif. 

Mitchell, Alexander Louis, Jr, (38) (SFCK), 
West. Sales Mgr., Riley Stoker Corp., 122 S. 
Michigan Ave., Chicago 3; for mail, 422 Ss. 
Crescent Ave., Park Ridge, Ill. 


MITCHELL 


Mitchell, Archie Raymond (’40) (FSJB), Supvg. 
Engr., Knott Corp., 439 Madison Ave., New 
York 22; for mail, Hotel Shelton, 49th St. & 
Lexington Ave., New York, N.Y. 

Mitchell, Cecil G. (J’42) (EFNSRA), Ch. Mar. 
Engr., Shepard Shipping Co., 801—2nd Ave., 
New York; for mail, 17 Hilltop Acres, Yonkers 


CES RENG 

Mitchell, Charles Ambrose (’42) (CFSZB), Sales 
& Serv. Engr., Hagan Corp., 18 E. 4th St., Cin- 
cinnati 2; for mail, 1253 Springfield Pike, 
Wyoming 15, Ohio. 

Mitchell, David Burr (J’43) (MCBS), Capt., Ord. 
Dept., U.S.A., Chief, Statistics & Record Sec., 
Spare Parts Branch, Hdq., Ord. Sec., Am. Forces, 
West Pac., A.P.O. 707, San Francisco, Calif. ; 
for mail, 306 W. Dudley Ave., Westfield, N.J. 

Mitchell, Frank Kenneth (’41) (EMR), Asst. 
Gen. Supt., N.Y. Cent. System, 466 Lexington 
Ave., New York; for mail, 141 Bellair Dr., Dobbs 
Ferry, N.Y. 

Mitchell, Fred Tom, ae (J’48) (OMDL), 50 
Peterboro, Detroit 1, 


Mitchell, Harold Glifton (J’88) (BSKLYR), 
Mech, Dept., Tide Water Associated Oil Co., E. 
22nd St., Bayonne, N.J.; for mail, 71 Orange 
St., Brooklyn 2, N.Y. 

Mitchell, Harry (’43) (CMTBD), Gen. Supt., 
Whitin Mch. Works, Main St.; for mail, 379 
Hill St., Whitinsville, Mass 


Mitchell, Henry M, (J’39), 2020 Campbell Ave., 
Schenectady, N.Y. 

Mitchell, James Ronaldson, Jr. (J’45) (BOY), 
Welding Engr., Farrel-Birmingham Oo., Inc. ; 
for mail, 243 Wakelee Ave., Ansonia, Conn. 

Mitchell, Jean F, (J’35), Sales & Devel. Engr., 
Chamberlain Corp., Waterloo, Towa. 

Mitchell, John Earl, Jr. (J’38) (MJCDES), Mer., 
Planning & Estimating, Engrg. Dept., Lukenweld, 
Inc., Coatesville, Pa. 

Mitchell, John Gordon (’44) (TYKLBN), Re- 
search Engr., Celanese Corp. of Am.; for mail, 
801 Braddock Rd., Cumberland, Md. 

Mitchell, Lester Felter (’45) (BCHJ), Mgr., 
Engrg., Addressograph-Multigraph Corp., 1200 
Babbitt Rd., Cleveland 17; for mail, 2673 Wren- 
ford Rd., Shaker Heights 22, Ohio. 

Mitchell, Nathaniel McDonald (’37) (CMOTZ), 
Pres., Mgr., Barnes Textile Associates, Inc., 10 
High St., Boston 10, Mass. 

Mitchell, Norman Tuley (’27;’35) (SAECFK), 
Supvr., Power Engr., Cadillac Motor Car Div., 
Gen. Motors Corp., Clark St., Detroit 32; for 
mail, 9125 Birwood, Detroit 4, Mich. 

Mitchell, Orville (°44) (BKM), V.P., Ch. Engr., 
John E. Mitchell Co., 3800 Commerce St.; for 
mail, 8441 San Fernando Way, Dallas, Tex. 

Mitchell, Robert Barringer (J’40) (HJINOGZ), 
Westco Works, Fairbanks, Morse & Co., 4301 S. 
Spring Ave.; for mail, 2404 Bristow "Ave., St. 
Louis 16, Mo, 

Mitchell, Robert Franklin (J’41) (WMJNYB), 
Capt., Trans. Corps, Contract Termination Officer, 
Procurement Div., Office of Chief of Trans., New 
Orleans Port of Embarkation, New Orleans ; for 
mail, 38 Papworth St., New Orleans 20, La. 

Mitchell, Stephen George (J’45) (EKH), Asst. 
Engr., West. Elec. Oo., Inc., New York, N.Y.; 
for mail, Box 453, University, Ala, 

Mitchell, W. G. (J’41), Ch. Engr., Independent 
Pneumatic Tool Co., State & Claim Sts.; for mail, 
3S. View St., Aurora, Ill. 

Mitchell, William F, (J’36) (CFLSRZ), Supt., 
a eet Mfg. Co., 4655 Biddle Ave., Wyandotte, 


Mitchell, William Henry (713;’35) (HJR), 
Mech. Engr., Niagara Falls Power Co., Elec 
» Buffalo 3; for mail, 582—12th St., Nisgara 


Mitchell, “William Howard (J’41) (NKHJB), 
Mech, Design Engr., Westinghouse Elec. Corp., 
Lima, Ohio. 

Mitchell, William John (J’41) (NOJHMG), Weld- 
ing Engr., Stress Analyst, E. W. Bliss Co., 53rd 
St. & Ist "Ave, Brooklyn; for mail, 1212 ‘Ocean 
Ave., Brooklyn 30, N.Y. 

Mitchell, William Montgomery (742) (ABHMN), 
Stress Analyst, Consltd. Vultee Aircraft Corp., 
Vultee Field, Downey; for mail, 1147—6th St., 
Santa Monica, Calif. 

Mitchell, William Sibley (J’44) (CJMDN), 1220 
S. Center St., Terre Haute, Ind. 

Mitelman, Leon V. (742) (EFHKOS), Mech. 
Engr., Neiler, Rich & Bladen, 431 S. Dearborn 
ites Chicago 5; for mail, 1140 Pratt Blvd., 
Chicago 26, Tl. 

Mitsch, Edward Henry (’21;’26;’35) (CFS), 
Results Engr., Elec. Generation, Cincinnati Gas 
oi Elec. Co., Cincinnati 2; for mail, 1007 Omar 

, Cincinnati 8, Ohio. 
miiatl, Koei (J’45) (HMY), 
Toronto 8, Ont., Can. 

Mittelberger, Frank (J’40) 
Engr., 88-11 Elmhurst Ave., Elmhurst, L.I., 

Mittendorf, William (’16) (FS), Fuel se 
Holmes- Darst Coal Corp., Trans. Bldg., Cincinnati 
ale for mail, 6269 Grand Vista Ave., Cincinnati, 

io. 

Mittleman, Joel Jerry (J’46), West. Mchy. Co., 
50 Church St., New York; for mail, 7814—15th 
Ave., Brooklyn 28, N.Y. 

Mittman, Carl Friedrich (’45) (LO), Consultant, 
Engr., Buflovak Equip. Div., Blaw- Knox Co., 
1543 Fillmore Ave., Buffalo jl; for mail, 323 
Westgate Rd., Kenmore, Buffalo 17, N.Y 


234—1st Ave., 


(BONCGA), one. 


Mitzelfeld, Marvin Walter (J’44) (BEHJNS), 
Mech. Engr., Mch. pers Natl. Twist Drill & 
Tool Co., Rochester, Mich. 

Mixter, George Webber C99; 708), V.P., Day & 
Zimmermann, Inc., 165 Broadway, New York 6, 


Mjolsnes, Elliot Leffler (J’35) (BMZ), Checker, 
Designer, Vinco Oorp., Schaefer Highway & Joy 
Rd., Detroit; for mail, 19465 Glastonbury Rd., 
Detroit 19; Mich. 


Mlynko, Walter Francis (J’44), Pat. Atty. 
Trainee, Bosworth & Sessions, 1337 Guardian 
Bldg., ‘Cleveland; for mail, 14508 Strathmore 


Rd., East Cleveland 12, Ohio. 

Moats, William L. (J’40), Ensign, U.S.N.R., 
U.S.S. Downes, DD-375, F.P.0., New York, N.Y. 

Moberg, Eric Skoglund (J’39) (SEKBA), Test 
Mar. Engr., Naval Shipyard, Boston; for mail, 
158 Waverly St., Arlington 74, Mass. 

Mochel, Myron George (’30;’36) (CNJBSM), 
Supvr. Trng., Moore Steam Turbine Div., Worth- 
ington Pump & Mchy. Corp., Wellsville, N.Y. 

Mock, Loyal Kay (J's7) (MOYH), Sr. Surveyor, 
Shell Oil Co., Inc., Box 744; for mail, 907 Stone, 
Great Bend, Kan. 

Mockridge, Chester R. (’22;’39) (HLBJNS), 
Centrifugal Pump Engr., Worthington Pump & 
Mchy. Corp., Harrison; for mail, 24 Coeyman 
Ave., Nutley 10, N.J 

Modes, Edward E, CS’ 37) (ZBKH), Devel. Engr., 
Powers Regulator Co., 2720 Greenview Ave., 
Chicago 14; for mail, 2316 Granville Ave., Chi: 
eago 45, Ill. 

Moe, Clarence M. (’42) (CHS), Sr. 
Charge of Recreational Devel. 
U.S. Engr. 
Ark. 


Civ. Engr., 
of Lake Areas, 
Office, 300 Broadway, Little Rock, 


Moeller, Harry A. (’42) (RCOMJB), Asst. Ch. 
Mech. Engr., Buckeye Steel Oastings Co., 2211 
Parsons Ave., Columbus 7, Ohio. 

Moeller, Henry George (’44), Gen. Partner, Gen. 
Megr., Sioux Alfalfa Meal Co., Vermillion, S.D. 
Moeller, Robert (J’37) (NBJHYK), Mech. Engr., 
Engrg. & Design Sec., David Taylor Model] Basin, 
Washington, D.C.; for mail, 9 Froude Circle, 

Bethesda 14, Md. 

Moeller, William (’17) (CJM), Ch. Engr., Lone 
Star Cement Corp., 1217—Ist Natl. Bank Bldg., 
Dallas 1, Tex. 

Moen, Leclanché (’17), Engrg. and Investment 
Banking, Rm. 429, 522—5th Ave., New York 18, 


NEM 
MiCORs Levi W. (’40), 128 Lynwood Ave., Syracuse, 


Moen, Richard H. (J’44) (JOMNYO), Partner, 
Schmid Bros., 317 Filbert St., Lancaster; for 
mail, Millway Farm, Millersville, Pa. 

Moen, Walter B. (J’40) (SKB), Instr. 
Engrg., Pratt Inst., Brooklyn 5; 
Lincoln Ave., Rockville Centre, N.Y. 

Moerk, John Carroll (’43) (NBDM), Div. Engr., 
Fairbanks, Morse & Co.; for mail, 614 W. 
Stephenson St., Freeport, Ill. 

Moesinger, Fred, Jr. (J’41) (CJK), c/o Cud- 
worth, 753 Lyons Ave., Irvington, N.J. 

Moffat, George Nichol (’24; ’35) (JNYBW), Prof. 
Bare Matls., Ohio State Univ., Columbus 10, 

io. 

Moffatt, Charles Richardson (J’42) (COJKYZ), 
Asst. Divisional Engr., Calco Chem, Div., Am. 
Cyanamid Co., Bound Brook, N.J. 

Moffett, Henry C. (’21) (CEJOSY), Ch. Engr., 
Moffett & Troop, Inc., 4 Smithfield St., Pittsburgh 
22; for mail, Box 152, R.D. 1, Library, Pa. 

Moffett, John Theodore (’45) (BEKORS), Tur- 
bine Application Engr., Gen. Elec. Oo., 1405 
Locust St., Philadelphia 2, Pa. 

Moffitt, Robert Colborn (’25; ’32) (CNE), Pres., 
Thunderbird Mines Ltd., N.P.L., Box 743, Seattle 
11, Wash. 

Moglia, Guido Albert (J’43) (JBHYAC), Pvt., 
Army Air Forces, Sqd. A-4, A.P.O. 19909-A, c/o 
Postmaster, New York; for mail, 84-38 Daniels 
St., Jamaica 2, N.Y. 

Mohler, Lee Jason (J’38) (AESRC), Elec. Engr., 
Gen. Elec. Co., 1 River Rd., Schenectady, N.Y. 
Mohler, Robert Claude (’31; 735), M.M., O’Okiep 
Copper Co., Ltd., O’Okiep; for mail, Nababeep, 

Namaqualand, South Africa. 

Mohler, Valentine Joseph (’41) (BCLMOZ), Ch. 
Loan Engr., Reconstruction Finance Corp., 208 
S. La Salle St., Chicago; for mail, 563 Ashland 
Ave., River Forest, Ill. 

Mohn, Henry LeRoy (’43) (CKBFNO), Ch. Engr., 
Fitzgibbons Boiler Co., Inc., Oswego, N.Y. 

Mohn, Paul Eugene (’28;’34) (SEFKAH), Prof. 
Mech. Engrg., Head, Engrg. Dept., Univ. of 
Buffalo, Buffalo 14, N.Y. 

Moir, Harry L. (’42) (FEAM), Tech. Adviser, 
Marketing Dept., Pure Oil Co., 35 E. Wacker Dr., 
Chicago 1, Ill. 

Mole, Harvey E. (’01; F’41), Box 205, 

N.J. 


in Mech. 
for mail, 70 


Summit, 


Moler, Frank White, Jr. (’34; ’45) (KMS), Mech. 
Engr., Supvr., Design, Griscom-Russell Co., 285 
Madison Ave., New York LT, Nae 

Molinari, Wilfred Henry (’35;’44) (BCJLMN), 
Engr., Chambers Works, E. I. du Pont de 
Nemours & Co.; for mail, Golfview Pk., Penns 
Grove, N.J. 

Moline, Adolph Alexander (’31;’35) (CBHJN), 
Ch. Engr., Canadian Westinghouse Co., Ltd., 286 
Sanford Ave. N., Hamilton, Ont., Can. 
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Molitor, Arvid Axel (J’44) (NMBO), Prod. Engr., 
Process Dept., Zenith Radio Corp., 6001 W. 
Dickens Ave., Chicago; for mail, 228 Hamilton 
Ave., Elgin, Il. 

Moll, Harvey Donald (J’45) (S), 103 E. 3rd, 
Lansdale, 

Moller, Carl é (J’46) (CEF), 455 W. 23rd St., 
New York, N.Y. 

Moller, H. Frederick (’23; ’25; ’35) (CM), Mgr., 
Valve Div., Reed Roller Bit Co. ., Box 2119; for 
mail, 2812 Wheeler, Houston 1, Tex. 

Moller, Jos, A, (24; 780; ’34) (AEF), Pure Oil 
Co., 35 E. Wacker Dr., Chicago 1p Ts 

Molleson, Gilbert Cox (’27) (SBHND), Chief, 
Bldg. & Mech. Sec., Engrg. Div., Corps of Engrs., 
U.S.A., Office of Div. Engr., S. Atlantic Div., 50 
Whitehall St., Atlanta 3; for mail, 1426 Boule- 


vard, N.E., Atlanta, Ga. 

Molokie, Stephen Ww. (173 725; ’35) (HLS), 1622 
Edison Dr., San Antonio, Tex 

Molony, Noblett Joseph (77) (CDLA), Mech. 
Engr., Natl. Biscuit Co., 449 W. 14th St., New 
York 11; for mail, 4 BE. 95th St., New York 

8, N.Y. 

Molter, Frank H, (A’22), 27 Harding Ave., West 
Hempstead, L.I., N. 

Molvie, William A. (J'41) (OSKFZ), Dravo Corp., 
Dravo Bldg., 300 Pennsylvania Ave., Pittsburgh ; 
for mail, 1135 Hillsdale Ave., Pittsburgh 16, Pa. 

Momot, William Eovich (J’43) (CJMN), Owner, 
Gen. Mgr., Momot Metal Products Co., 42-45— 
27th St., Long aed ee 1; for mail, 1738— 
58rd St., Brooklyn 

Monaco, Anthony yup Up 38) AG pclae Ch. 
Engr., Bunyard Aircraft Co., 37- 26—32nd St., 
Long Island City 1; for mail, 4127—76th St., 
Jackson Heights, N.Y. 

Monaco, John Charles (’45) (CJKL), Engr., 
Patterson-Kelley Co. Inc., East Stroudsburg; for 
mail, R.D. 1, Stroudsburg, Pa. 

Moncrief, Ernest (J’37) CLEFYZK), Asst. Dir. of 
Process, Fluor votD? haves Box 2889, Grand Ave. 
Sta., Kansas City, 

Mongello, Choman (ii) (ANM), 101-21—102nd 
St., Ozone Park, N.Y. 

Monich, Michael Theodore (J’41) (BJG), Project 
Engr., New Departure Div., Gen. Motors Corp., 
Bristol ; for mail, 97 Circle St., Forestville, Conn. 

Monks, George Sia Jr. (J’39), 205—41st St., Man- 


hattan Beach, Calif. 

Monnier, Rene A. (745) (BC), Mech. Engr., 
R. Hoe & Co., Inc., 910 E. 138th St., New York, 
N.Y.; for mail, 1 W. Harriet Ave., Palisades 
Park, N.J. 

Monro, Donald A. (’45) (CPS), Acting Ch. Engr., 
Stand. Oil Co. of Ind., 910 S. Michigan Ave., 
Chicago, Ill. 

Monroe, Paul Hill, Jr. (J’42) (HCMNSZ), Jr. 
Designer, Mech. Engr., Peerless Pump Div., Food 
Mchy. Corp., 301 W. Ave. 26, Los Angeles; for 
mail, 8924 Bleriot Ave., Los Angeles 45, Calif. 

Monroe, William Stanton (’96;’01; F’41), Re- 
tired; 105 S. La Salle St., Chicago 3, Il. 

Monseth, Ingwald T. (’44) (CSKOGM), South- 
west. Engrg. & Serv. Div. Mgr., Westinghouse 
Elec. Corp., 411 N. 7th St., St. Louis 1, Mo. 

Monson, Harry QO. (J’41) (AEM), 627 Bonnie 
Brae, River Forest, Ill. 

Montagno, Antonio Marino (J’42) (BEJ), Maint. 
Supt., Welbilt Stove Co., 5718 Flushing Ave. ; 
for mail, 59-27—59th Dr., Maspeth, N.Y. 

Montague, Edward (’42) (CDJ), Supt., Schweitzer 
& Conrad Inc., 4485 Ravenswood Ave., Chicago 
40; for mail, 4110 N. Ashland Ave., Chicago 13, 


Tl. 
Montague, Edwin Newell (’29;’35) (CDL), 
Capt., Army Air Forces; for mail, 3406 Abing- 


don St., Arlington, Va. 

Montague, Joseph F, (’21; 785) 
Gen. Mgr., Camden Sery. Stas. Inc., 
Sewell, Gloucester Co.; for mail, 
Rd., Audubon, N 

Montague, Larry Dupre (J’37) (CDJM), Mgr., 
B, L. Montague Co. & Carolina Industries, E, 
TAperty, St.; for mail, 509 W. Hamton, Sumter, 
s 


Cry 
R.F.D. 
176 Carlisle 


Monteith, Alexander Crawford (’43) (SRA), 
Westinghouse Elec. Corp., East Pittsburgh, Pa. 
Montgomery, Bryant Smith (J’38) (KWABSO), 
Mech, Engr., Tenn. Valley Authority, Knoxville, 

Tenn. 

Montgomery, Charles Dennison (J’40) (AES), 
262 Seneca Ave., Havre de Grace, Md. 

Montgomery, O. Duncan (A’45), Mgr. Foreign 
Student Trng., Foreign Mfg. Dept., Westing- 
house Elec. Corp., East Pittsburgh, Pa. 

Montgomery, Wallace (’23;’24) (OMLKF), The 
Econometric Inst., Inc., 500—5th Ave., New 
York; N.Y, 

Montgomery, Walter Lee (J’41) (JSW), Mech. 
Engr., Tenn. Valley Authority, 508 Arnstein 
Bldg., Knoxville, Tenn. 

Montgomery, William J. (’17;’35), Head, Mch. 
Dept., Brockton High Sch., Brockton; for mail, 
79 Western St., Brockton 46, Mass. 

Montgomery, Willian Adams (J’43) (NBESJK), 
Mech. Engrg. Draftsman, Am. Bosch Corp., 
Main St., Springfield 7; for mail, 441 Sumner 
Ave., Springfield 8, Mass. 

Montgomrey, James E. (739), Institution’ of 
Mechanical Engineers, Storey’s Gate, St. James 
Park, London, S.W. 1, England. . 

Montillon, George Duncan (J’41) (CDM), Indus. 
Engr., Procter & Gamble Co., Ivorydale 17, Ohio. 


Montin, J, Ragnar Theodore (J’45) (JODMYL), 

R. Montin Constr. Co., 1350 Main St., Walnut 

bi Creek, Calif. ; 

-Montresor, Joseph Jerome (J’44) (CES), Tech. 
Aide, N.Y. Ord. Dist., War Dept., 80 Broadway, 
New York, N.Y.; for mail, 17 Orest Rd., Hills- 
dale, N.J. 

| Moodie, Andrew (’30;’35) (EMS), Plant Ener., 
Falls Co., Yantic St.; for mail, 109 Sachem St., 

] Norwich, Conn. 

- Moodie, David (745) (SEFKJ), Mech. Engr., New 

Orleans Pub. Serv. Inc., Market St., S.E. Sta., 

New Orleans 13, La. 

- Moodie, Wm. C. (’21;’°23;’35) (CNMZ), Pres., 
eoiculagtaph Co., 306 Sussex St., Harrison, 


3 Moody, Arthur Maurice Greene (735; 745) (SB 
HNE), Ch. Blower Engr., Elliott Co., Jeannette, 


: Pa. 

Moody, Charles F, (’24;733) (NCBM), Plant 
Engr., Habirshaw Cable & Wire Div., Phelps 
Dodge Copper Products Corp., Foot of Point St., 
Yonkers 2, N.Y. 

Moody, Howard N. (’20; 35), Cons. Engr., 823 
Perdido St., New Orleans, La. 

Moody, Lewis Ferry (10; F’44) (HB), Prof. 
Hyd. Engrg., Princeton Univ. ; for mail, 146 
Hodge Rd., Princeton, N.J. 

Moody, Lucian Barclay (’46), Col., Consultant, 
Office of Spec. Asst. to the President of the United 
States, 228 State Bldg., Washington; for mail, 
2019 Allen Pl., N.W., Washington 9, D.C. 

Moody, Sharon Clay (J’45), 100 N. Arden Blvd., 
Los Angeles 4, Calif. 

Moody, William Montague (’19; 21; °25) (OF 
HS), Matls. Supvr., Pelton Water Wheel Co., 
2929—19th St., San Francisco 10; for mail, 725 
Spruce St., Berkeley 7, Calif. 

Moolhuyzen, Thomas (’23) (TLK), 
Thomas Moolhuyzen Co., Box 2065, 


N.J. 

Moon, Harry Albert (J’46) (EJS), Lt. (eg), 
U.S.N.R., U.S.S. Charger, CVE-30, F.P.0., New 
York, N.Y.; for mail, 423 Eleanor St., Pitcairn, 


Pa. 

Moon, Leo CG. (J’40) (AJC), Lt. Col., Army Air 
Forces, TSEPS-4G, Area B, Wright Field, Day- 
ton, Ohio. 

Moon, Ralph Marks (’44) (HELSKY), Sales 
Ener., Ingersoll-Rand Co., 1012 Baltimore Ave., 
Kansas City 6, Mo. 

Moon, Robert Frank (J’42) Serv. & Constr. 

5 Engr., Air Conditioning, B. F. Sturtevant Co., 
Div. of Westinghouse Elec. Corp., Hyde Park, 
Boston 36: for matl, 252 S. Central Ave., 
Wollaston 70, Mass. 

Mooney, David Alfred (J’45) (BHS), Asst. Prof., 
Mech. Engrg., Mass. Inst. of Tech., Cambridge 
39; for mail, 35 Cherry Lane, Dedham, Mass. 

Mooney, Dwight D. (J’40) (EKS), Ssgt., 38th 
Div., U.S.A., Camp Shelby, Miss. 

Mooney, James D. (719), Pres., Willys Overland 
Inc., Toledo, Ohio. 

Mooney, John Prendergast (J’43) (JNCSEB), 

| Metal Inspr., Humble Oil & Refining Co.; for 

| mail, Box 742, Baytown, Tex. 

| Mooney, Robert James (J’44), Lt., U.S.N.R., 
; Navigator, Electronics Officer, 
CL-54, F-P.0., Seattle, Wash.; for mail, 376 
Edgewood Ave., New Haven, Conn. 

Mooney, Weldon (°29;’35) (SZLCD), Mer., 
Mooney Engrg. Co., 207 W. 8th St., Kansas City 


‘ . 6, Mo. 

- Moore, Charles Gale (J’45) (NWOCSE), Ensign, 

| Tactical Radar Trng., U.S.N., K & P Hotel, St. 

Simon Island, Ga.; for mail, Box 175, Wauna, 

; Ore. 

Moore, Charles Newell (J’45), Apprentice Sea- 

> man, U.S.N.; 5 Oak St., Danvers, Mass. 

Moore, Clarence Pascal, Jr. (J’45) (NOHJCK), 
Ensign, U.S.N.R., Asst. Damage Control Officer, 
U.S.S. G. K. MacKenzie, DD-836, F.P.0., New 

4 York, N.Y.; for mail, Box 538, Bristol, Va. 

| Moore, Chauncey Clark (A’46) (MACY), Mer., 

L Asphalt Sales Dept., Barber Asphalt Corp., Rm. 

$329, 50 W. 50th St., New York 20, NGS 

, Moore, Coleman Bassett (744) (ZONLMH), Sr. 

3 Partner, Dir. of Engrg., Moore Products Co., 

a H & Lycoming Sts., Philadelphia 24, Pa. 

Moore, Edward B. (J’41) (FKSM), Devel. Engr., 
David Bradley Mfg. Works, Bradley; for mail, 
545 S. Small, West Kankakee, Ill. 

Moore, Edward Fredrick (’41) (MCH), Cons. 
Engr., 80 Broadway, New York 5, N.Y. 

Moore, Ernest Allen (’44) (AELNBS), Mech. 
Designer, River Works, Gen. Elec. Co., 920 
Western Ave.; for mail, 18 Spruce Rd., Lynn, 
Mass. 

: Moore, Frank E, (A’19) (CD), Pres., Mathews 

4 Conveyer Co., Ellwood City, Pa. 

d Moore, Frank H. (’26) (BHDN), Mech. Engr., 

4 Hardesty & Hanover, 101 Park Ave., New York 

He for mail, 417 Riverside Dr., New York 26, 


} 


Propr., 
Paterson, 


ane 
Moore, Frederick Clouston (’05) (C), Retired; 
68 Muskoka Rd., Grosse Pointe Farms 30, Mich. 
Moore, Greer O. (J’41) (AYJ), Test Engr., 
3 Boeing Aircraft Co., Seattle 14; for mail, 606 
E. Thomas St., Seattle 2, Wash. 
Moore, Harold Thompson (A’07) (MLOCDA), 
Cons. Engr., Day & Zimmermann, Inc., Pack- 
k ard Bldg., Philadelphia 2, Pa. 
p> Moore, Harry Frederick (’43) (ZLH), Sr. Engr., 


Stand. Oil Devel. Co., Box 387, Elizabeth B, 


fe 


aad 
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Moore, Henry H. (27), Opera. Engr., East 
River Generating Sta., Consltd. Edison Co. of 
N.Y., Inc., 4 Irving Pl., New York 3; for mail, 
150—95th St., Bay Ridge, Brooklyn, N.Y. 

Moore, Herbert Fisher (’13) (BJN), Research 
Prof. Engrg. Matls., Emeritus, Univ. of Ill; 
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Headlands, Painesville, Ohio. 

Moore, John E, (J’36) (EJ), Engrg. Dept., Stand. 
Oil Co., Sugar Creek, Mo. 

Moore, John Randle (’22) (EFS), Cons. Engr., 
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Moore, Marvin L. (J’39) (DMP), 6506 Myrtle St., 
Houston, Tex. 

Moore, Morgan MacVean (742) (CMZ), Col., 
Consultant, Bur. of Manpower Utilization, War 
Manpower Comm., 1778 Pennsylvania Ave., 
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Moore, Raymond Pierson (’27) (SKFJHR), 
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Moore, Robert Layton (J’46), 625% W. Santa 
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Cleveland; for mail, c/o C. F. McKinney, 1342 
W. 11th St., Cleveland 2, Ohio. 

Moore, William Enoch (’03) (BEHNSZ), Pres., 
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Moore, William §., Jr. (J’40) (ASK), Engrg. 
Asst., Process Engrg. Dept., Consltd. Edison Co. 
of N.Y., Inc., 4 Irving Pl., New_York 3; for 
mail, 15 July Walk, Long Beach, L.I., N.Y. 
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McLennan Inc., 164 W. Jackson Blvd., Chicago, 


Il. 

Morey, Arthur Herbert (’40) (RSBEF), Project 
Engr., Gen. Elec. Co., East Lake Rd.; for mail, 
3929 Bliot Rd., Erie, Pa. 

Morey, Ronald H. (J’37), Lt. G.g-), U.S.N.R. 5 
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Charge of Devel. Project, Hartford-Empire Co., 
333 Homestead Ave., Hartford; for mail, 10 
Highland Ave., Buena Vista, West Hartford, 
Conn. 
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Pres., Charleston Elec. Supply Co., 914 Kanawha 
Blvd., Charleston 29; for mail, 1588 Quarrier St., 
Charleston 1, W.Va. 
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Morin, Louis H. (’30) (TJMY), Ch. Engr., Crown 
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Moritz, Harold K. (J’21) (HBS), Assoc. Prof. 
Civ. Engrg., Univ. of Wash., Seattle 5, Wash. 


MORKEN 


Morken, Carl H. (’37) (JDC), Gen. Supt., Cen- 
trifugal Casting Co.; for mail, 228 E. Central 
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Morland, Jules Anatole (’44) (BMR), Gen. Mgr., 
Timken Roller Bearing Co. of S.A., Caixa Postal 
208-B, Sao Paulo, Brazil, S.A. 

Moro-Lin, Joseph John (’42; ’44) (KLS), Process 
Design Engr., Colgate-Palmolive-Peet Co., 1 New- 
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McGraw Ave., New York 62, N.Y. 

Moroney, William (J’43) (CKWEA), Sales Engr., 
Marley Co., Inc., 2 Rector St., New York; for 
mail, 186 Senator St., Brooklyn 20, N.Y. 

Moroz, Peter Joseph (J’40) (CMNERH), Engr., 
E. I. du Pont de Nemours & Co.; for mail, 
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Morris, Walter King (J’45) (ANFBHO), Ener., 
Weight & Balance Gp., United Air Lines Trans. 
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NAH), Fire Controlman, 2nd Class, “‘O” Div., 
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Morse, Daniel P. (J’39) (ACM), Assembly Engr., 
Allison Div., Gen. Motors Corp., Speedway City ; 
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Engr., Canadian Ingersoll-Rand Co., Ltd.; for 
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perc onion Engr., 521 Wyckoff Rd., Ithaca, 


aks 

Morse, William Howard (J’41) (BJKHS), Mech. 
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Moses, Fred’k T. (’16;’23), V.P., Engr., Fire- 
man’s Mutual Ins. Co., 10 Weybosset St. & 
560 Lloyd Ave., Providence, R.I. 

Moses, Richard (J’41) (ZSYN), Instrument 
Engr., E. I. du Pont de Nemours & Co., Belle; 
for mail, 2193 Truslow St., Charleston 1, W.Va. 

Moses, Warren G,. (J’41) (ACK), Aviation Cadet, 


Class 42-5, Bks. T-187, Aviation Cadet Det., 
Chanute Field, Ill. 
Moses, William G. (’45) (CDLM), Sales Mgr., 


Rochester Ropes, Inc., 2409 §. Ist Ave., Bir- 
mingham 8, Ala. 

Moseson, Merland Leonard (J’42) (AES), 4597 
Rocky River Dr., Cleveland, Ohio. 

Mosher, Fred Donald (’36; ’43) (CFMRS), Devel. 
Engr., Stand. Stoker Co., Inc.; for mail, 2613 
Atlantic Ave., Erie, Pa. 

Mosher, Harold Arthur (’43) (LKCZYD), 
Supvr. Engr., Kodak Park Works, Eastman 
Kodak Co., Rochester 18, N.Y. 

Moshkoff, Simon V. (’28) (HSMD), Plant Supt., 
Ga. Power Co., 75 Marietta St., Atlanta 1; for 
mail, Furman Shoals, Milledgeville, Ga. 

Moss, Donald Frederick (J’44), Ensign, U.S.N.R., 
U.S.S. Power, DD-839, New York 27, N.Y.; for 
mail, 80 Mt. Vernon St., Melrose 76, Mass. 

Moss, Edward Harry, Jr. (J’37) (BEHJKN), 
Engr., Mech. Design, Engrs. & Fabricators, Inc., 
Box 7395, Houston 8, Tex. 

Moss, Herbert Henry (’17;’35) (BJMDL), 
Supvr. Process Trng., Linde Air Products Co., 
686 Frelinghuysen Ave., Newark 5, N.J. 

Moss, Howard Kenneth (J’44) (AHK), Design 
Aircraft, McDonnell Aircraft Corp., Laclede & 
Sarah, St. Louis, Mo.; for mail, R.F.D. 2, Hills- 

- boro, Ill. 

Moss, Sanford Alexander (’03;F’40) (ABEH 
KS), Holley Medallist, ’45; Cons. Engr., Gen. 
Elec. Co., 920 Western Ave., West Lynn, Mass. 

Moss, Williamson Wade, Jr. (’45) (JL), East. 
Editor, Light Metal Age, 201 N. Wells St., 
Chicago 6, Ill. ; for mail, 5010 Forest Park Ave., 
Baltimore 7, Md. 

Mossberg, Frank (’95), Pres., Mossberg Pressed 
Steel Corp.; for mail, 141 Pleasant St., Attle- 
boro, Mass. 

Motch, Edwin Raymond, Jr. (’42) (BHM), Lt. 


Col., Ord. Dept., Rm. 4C-628, The Pentagon, 
Washington, D.C. ‘ 
Motheral, Harry Haviland (’25;’35) (HK), 


Maint. Supt., W. T. Grant Co., 1441 Broadway, 
New York, N.Y. 

Motherwell, George Washington (744) (JMC 
ADH), Works Mgr., Wyman-Gordon Co., 105 
Madison St., Worcester 1; for mail, 10 Ayles- 
bury Rd., Worcester 2, Mass. 

Mott, Charles S. (’98;’09), Dir., Gen. Motors 
Corp., Detroit; for mail, 500 Mott Foundation 
Bldg., Flint 3, Mich. 

Mott, Gilbert Culver (J’387) (JCBMN), It., © 
U.S.N.R., Engrg. & Inspe. Officer, Naval Ord. 
Plant, Center Line, Mich. 

Mott, Harold Edgar (’42), Pres., c/o H. E. Mott 
Co. Ltd., Brantford, Ont., Can. 

Mouat, Harry George (’23; 35) (CDJMRY), So. 
Mer., Whiting Corp., 544 Martin Bldg., Bir- 
mingham 3, Ala. 

Mould, Arthur Elias (A’21) (ESLC), Sales 
Engr., Tide Water Associated Oil Co., 17 Bat- 
tery Pl., New York; for mail, 22 Highland Dr., 
Williamsville 21, N.Y. 

Moulenbelt, Robert C, (J’43) (SLEKBH), Mech. 
Engr., Retort Chem. Div., Cabot Carbon Oo., 
Gainesville, Fla. 

Moulton, Clarence F. (’26;’83;’385) (SCFA 
EO), Supt. of Power, Charge Power Prod., Neb. 
Power Co., 17th & Harney, Omaha 2; for mail, 
2316 Fontenelle Blvd., Omaha 3, Neb. 4 

Moulton, Lloyd Jackson (J’43) (OME), R.F.D. 1, 
Grove Dr., Mentor, Ohio. 

Moulton, Rexford Glen (J’43) (KFBM), Asst. 
Prof. Mech. Engrg., Dartmouth College, Han- 
over, N.H. 


Te NVR RAZ 


- Moultrop, 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


Irving E. (02; 536) (EFS), Man- 
ager, ’08-11, Vice-President, ’12-’14; Cons. 
Engr., 28 Adams St., Belmont 78, Mass. 

Mounce, Alfred Richard (J’42) (KNJY), Design 
Engr., Gen. Elec. Co., 1605 Winter St., Ft. 


Wayne, Ind. 

Mount, Ralph H. (’17) (C), Asst. to Pres., Es- 
sex Wire Corp., 14310 Woodward Ave., Detroit; 
for mail, 182 Crane Ave., Royal Oak, Mich. 

Mousson, Jean Marcus, 2nd (’37) (HSCO), Bart- 
lett Hayward Div., Koppers Co., 200 Scott St., 
Baltimore 30; for mail, 1 E. University Pkwy., 
Baltimore 18, Md. 

Mowat, J. Fred (’16) (OJFSDE), Engr., Chicago 
Dist., Carnegie-Ill. Steel Corp., 208 S. La Salle 
St.. Chicago 90; for mail, 538 S. Park Rd., La 
Grange, Ill. ai 

Mowat, Magnus (’38;F’38), Brig. Gen., Ebor 
House, 26 Sheen Gate Gardens, London, S.W. 14, 


England. 
Wm, T. (’28), 2851 Johnson Ave., 


Mowatt, 
Alameda, Calif. 

Mowlem, Aboudi Robin (J’45) (BOCK), Mass. Inst. 
of Tech. Dormitories, 104 Nichols, Cambridge 
39, Mass. 

Moxham, Egbert (’06;’12), c/o Brunswick Mar. 
Constr. Corp., Brunswick, Ga. 

Moxley, Stephen Dewey (’24; 26; ’30) (BCDJ), 
Ch. Engr., Am. Cast Iron Pipe Co., Box 2603, 
Birmingham 2, Ala. 

Moxon, Alfred William (’39; ’44) (BCM), Engr., 
Div. Supvr., Eastman Kodak Co., Kodak Park, 
Rochester 13; for mail, 211 Park Rd., Point 
Pleasant, N.Y. 

Moyer, Charles Robert (J’42) (ACBKFO), Asst. 
Project Engr., Engrg. Planning, Wright Aero. 
Corp., Paterson; for mail, 23 Maple Pl., Clifton, 


N.J. 

Moyer, Malcolm Bridgeman (’28) (BEKLMO), 
Cons. Engr., 116 S. Salina St., Syracuse 2; for 
mail, 214 Ruhaman Ave., Syracuse 5, N.Y. 

Moyer, Robert Eugene, Jr. (’29;’38) (KOLF 
SH), V.P., Charge Engrg., Heilman Boiler Works, 
Inc., 182 Linden St., Allentown, Pa. 

Moyer, Robert George (J’40) (JM), Research 
Engr., Pure Oil Co., Box 266, Winnetka; for 
mail, 2237 Foster Ave., Chicago, Ill. 

Moyer, Stanley (’41) (BHS), Sr. Engr., Phila- 
delphia Elec. Co., 900 Sansom St., Philadelphia 


5, Pa. 
om Edward John (J’43), 59 Fulton St., Lowell, 

ass, 
arvosn John (J’37), 20 Emory St., Jersey City, 


i ade 

Mucha, Rudolph S., Jr. (J’46) (LMY), 603— 
9th St., Charleroi, Pa. 

Muchnic, Chas. M. (’27), Suite 2048, 420 Lex- 
ington Ave., New York, N.Y. 

Mudarri, Edward George (J’45) (MCB), Rm. 
928, U.S.N.S.H., Seagate, Brooklyn, N.Y.; for 
mail, 66 Franklin St., Allston, Mass. 

Mudd, John Posey (’10;’15;’35) (CG), Per- 
sonnel Supvr., Midvale Co., Philadelphia 40; for 
mail, 173 Manheim St., Philadelphia 44, Pa. 

Mudge, Robt. S. (J’35) (BMS), Pres., Palo-Myers, 
Inc., 81 Reade St., New York; for mail, 856 
Park Pl., Brooklyn, N.Y. 

Mudge, Sterling W. (’14;’20;’24) (CE), Dir. 
Trng., Socony-Vacuum Oil Co., Inc., 26 Broad- 
way, New York 4; for mail, 12 The Place, Glen 
Cove, L.I., N.Y. 

Muehlman, Raymond Louis (J’40) (LMWYS), 
Power Supt., Belle Alkali Co., Belle; for mail, 
1116 Highland Rd., Charleston 2, W.Va. 

Mueller, Alfred Charles (45) (BHK), Gp. 
Leader, Exper. Sta., E. I. du Pont de Nemours & 
Co., Wilmington, Del. 

Mueller, Charies August (’43) (BCDLMN), Mech. 
Engr., Campbell Soup Co., 100 Market, Camden, 
N.J.; for mail, 102 Dartmouth Rd., Bala- 
Cynwyd, Pa. 

Mueller, Edmund J. (J’41), U.S. Navy; 6412 
Park Ave., West New York, N.J. 

Mueller, Felix J. (24) (BJNS), Engr., Ch. Drafts- 
man, Allis-Chalmers Mfg. Co., West Allis; for 
mail, 1558 &. 58th St., West Allis 14, Wis. 

Mueller, Frank Hieronymus (’39) (MNHBC), 
Dir., Research & Devel., Mueller Co., 512 W. 
Cerro Gordo St., Decatur 70, Ill. 

Mueller, Hans Siegfried (J’42) (ACM), Lt., 
Army Air Forces; for mail, 254 Oelkers Ave., 
North Tonawanda, N.Y. 

Mueller, Herman Gundert (’24) (OMNEHS), 
Owner, Firm of H.G. Mueller, Engrs., 623-4 Com- 
merce Bldg., Erie, Pa. 

Lester A. (J’38) (BEF), Asst. 


Mueller, Mgr., 
Mueller Grain & Elevator Co., Roscoe, Tex. 
Mueller, Paul Manning (’23;’24;’35) (JO), 


Mer., Engrg. & Research, Pratt & Whitney Div., 
Niles-Bement-Pond Co., West Hartford, Conn. 

Mueller, Raymond Albert (J’40) (JSKBNO), 
Welding Research Engr., Crane Co., 4100 &. 
Kedzie Ave., Chicago 32, Ill. 

Mueller, Robert Karl (’42) (ABZ), Project Engr., 
Mass. Inst. of Tech., 77 Massachusetts Ave., Cam- 
bridge 39, Mass. 

Mueller, Victor H. (’07;’21) (EFHKS), Mech. 
Engr., Gibbs & Hill, Inc., Pa. Sta., New York, 
N.Y.; for mail, 25 Maple Terrace, East Orange, 


Mueller, William Christian (’28) (BCMN), Mfg. 
Engr., Hawthorne Plant, West. Elec. Co., Inc., 
Chicago 23; for mail, 2225 Giddings St., Chicago 


> ai: 
Muench, Erwin John (J’42), V.P., Gen. Mch. Co., 
398 Market St., Newark 5; for mail, 599 San- 
ford Ave., Newark, N.J. 


Muench, Frank Joseph, Jr. (J’40) (CJ), Gen. 
Mgr., Universal Copper Works, 156 Walnut St., 
Newark for mail, 171 Sterling Dr. N., Orange, 

J 


Muenger, James Robert (J’41) (EFBAN), Mech. 
Engr., Beacon Research Labs., Tex. Co., Beacon, 


Muerle, Richard W. (’35) (BCHJMN), Ch. Prod- 
uct Engr., Hummer Mfg. Co., 1400 S. 9th St.; 
for mail, 1829 Outer Park Dr., Springfield, Ill. 

Muessel, Charles Andrew, Jr. (36; 45) (CSA 
RMK), Asst. Mgr., Spec. Projects Dept., Westing- 
house Elec. Internatl. Co., 40 Wall St., New 
York 5, N.Y.; for mail, R.D. 4, Yale Farms, 
Greenwich, Conn. 

Mugfor, Richard J. (’87) (BSK), Ch. Engr., 
Shaw-Kendall Engrg. Co., 120 S. Superior St., 
Toledo 4, Ohio. 

Muir, James Fleming (’20) (CEFGOS), Elec. 
Properties Consultant, Am, Water Works & Elec. 
Co., 50 Broad St., New York 4, N.Y. 

John Nimmo (J’44) (DHJMNR), Tool 


Ont., Can. 

Muir, Roy Cummings (’17; F’41) (ACS), V-P., 
Gen. Mgr. Apparatus Dept., Gen. Elec. Co., 1 
River Rd., Schenectady 5, N.Y. 

Muir, William P. (’39) (BOJMNY), Mgr., Ch. 
Engr., Indus. Div., Dominion Engrg. Works Ltd., 


Box 220, Montreal, Que., Can. 
Mukerji, Manik Lal (’45) (COT), Ch. Mech. 
Engr., Hindustan Constr. Oo., d., Ballard 


Estate, Fort, Bombay; for mail, c/o Capt. (Dr.) 
S. K. Mukerji, Manoramaganj, Indore, Central 
Julian Peter (J’45) 


India. 

Mulak, (SKBMCD), U.S. 
Navy, Springfield Rd., Hazardville, Conn. 

Mulford, Stewart Furman (J’40) (KRAFE), Ch. 
Test Engr., 8S. Wind Div., Stewart-Warner Corp., 
1514 Drover St., Indianapolis 7; for mail, 51 W. 
Fall Creek Pkwy., Indianapolis 8, Ind. 

Mulheim, Joseph E. (J’43) (BAK), Mech. Design 
Engr., Westinghouse Elec. Corp., Lima, Ohio. 

Mulholland, Roye Artice (A’45) (CHKLST), 
Mech., Civ. & Elec. Engr., Tex. State Dept. of 
Health, 410 E. 5th, Austin; for mail, 1006 
Harper Lane, Austin 22, Tex. 

Mullaly, Arthur B. (J’38), Sales Engr., Advance 
Solvents & Chem. Co., New York, N.Y.; for mail, 
70 Monmouth Dr., Deal, N.J. 

Mullan, Edward (J’42) (BES), Graduate Student, 
Westinghouse Elec. Corp., East Pittsburgh, Pa. ; 
for mail, 29 Bailey Ave., Hillside, N.J. 

Mullee, William Robert (J’23) (CDLYMN), 
Indus. Engr., Am. Hard Rubber Co., 11 Mercer 
St., New York 18, N.Y.; for mail, 125 Pompton 
Ave., Pompton Lakes, N.J. 

Mullen, Bernard J. (’36) (SHCFD), Ch. Plant 
Engr., Detroit Dept. of Water Supply, 8300 W. 
Warren, Dearborn; for mail, 17534 Birchcrest 
Dr., Detroit 21, Mich. 

Mullen, George Hamilton (A’44) (SEJB), Supvg. 
Engr., Ocean Accident & Guarantee Corp., Kan- 
sas City; for mail, 1727 Fed. Reserve Bank 
Bldg., Kansas City 6, Mo. 

Mullen, John Joseph (’44) (DHOMB), Designing 
Engr., Jones & Henry, Security Bldg., Toledo 4; 
for mail, 2042 Fulton St., Toledo 2, Ohio. 

Mullen, John O. (J’40), 444 Ellsworth Ave., New 
Haven, Conn. 

Mullen, John Patrick (’45) (BNKLAF), Sr. Lec- 
turer, Univ. College, Univ. of London, Gower 
St.; for mail, 26 Holmwood Grove, Mill Hill, 
London, N.W. 7, England. 

Mullen, Lester Herbert (J’37) (KHEFBS), Mar. 
Engr., U.S. Maritime Comm., 14th & Franklin 
St., Oakland; for mail, 863 Dutton Ave., San 
Leandro, Calif. 

Mullen, Robert Marion (44), Steam & Elec. 
Engr., Pittsburgh & W. Va. Ry. Co., 410 Liberty 
Ave., Pittsburgh 22; for mail, 8723 Baytree St., 
Pittsburgh 14, Pa. 

Mullen, Thomas Yeatts (J’37) (SEFKO), Project 
Engr., Gilbert Associates Inc., 412 Washington 
St., Reading, Pa. 

Muller, Daniel Lewis (’34; 34; 35) (ABEKSY), 
Boiler & Mchy. Dept., Marsh & McLennan Inc., 
70 Pine St., New York 5, N.Y. 

Muller, Edw. A. (’90; F’36) (BOM), Manager, 
?24°27, Vice-President, ’27-’29; Pres., Treas., 
Gen. Mgr., King Mch. Tool Co., Winton Pl., Cin- 
cinnati, Ohio. 

Muller, Ellsworth August (J’41) (SHBAKY), 
Assoc. Mar. Engr., Bur. of Ships, Navy Dept., 
Code 640, Bldg. T4-2204, Washington, D.C. 

Muller, Frank George (J’44) (CJM), Graduate 
Student, Univ. of Tex., Austin; for mail, 3008 N. 
Guadalupe St., Austin 21, Tex. 

Muller, Frans G D. (’30) (CM), V.P., Plant 
Mer., Staytite Co., 3608 Polk Ave., Houston 3; 
for mail, Box 976, La Porte, Tex. 

Muller, George John (J’42) (YCBMLN), Dir. of 
Engrg., Taylor Fibre Co., Norristown; for mail, 
$344 Ainslie St., Philadelphia 29, Pa. 

Muller, Herman Ernest (J’39) (BJNS), Roll 
Designer, Carnegie-Ill. Steel Corp., Salt Springs 
Rd.; for mail, 131 8S. Whitney Ave., Youngstown, 
Ohio. 

Muller, Julius (’27;’28;’35) (BJR), Welding 
Engr., 0. C. Duryea Corp., 30 Rockefeller Plaza, 
New York, N.Y.; for mail, 10743 S. Wood St., 
Chicago, Ill. 

Muller, Otto (’33) (OMJCA), Div. Supt., Am. 
Optical Co., Mechanic St.; for mail, 44 Newell 
Ave., Southbridge, Mass. 
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Muller, Richard F, (’21; 29; ’35) (HLM), Sales 
Engr, Allis-Chalmers Mfg. Co., 724 Canal Bldg., 
New Orleans 12, La. . 

Muller, Richard John (J’40) (MNAOJY), Mech. 
Engr, .David Taylor Model Basin, Washington 7, 
D.C.; for mail, Main St., Bethesda 14, Md. 

Muller, Robert Arthur (’24;’387) (CWS), V.P., 
Dir., Atlas Plywood Corp., 1432 Statler Bldg., 
Boston 12; for mail, 29 Albion Rd., Wellesley 
Hills 82, Mass. 

Muller, William George (J’44), Army Air Forces, 
109-27—221st St., Queens Village, L.I., N.Y. 

Mullergren, Arthur Leonard (’18;’28) (OSC), 
Cons. Engr., 202 Fairfax Bldg., Kansas City 6, 


Mo. 

Mullhaupt, Alfred, Jr. (J’11), Engr., Bradford 
Oil Refining Co.; for mail, 25 School St., Brad- 
ford, Pa. 

Mulligan, James Henry (J’42) (ZFKLCO), Sales 
Engr., Johnson Serv. Co., 507 E, Michigan St., 
Milwaukee 2; for mail, 118 N. Birdsey St., 
Columbus 2, Wis. 

Mulligan, Paul B, (’35; 42) (ACD), Staff Asst., 
U.S. Steel Corp., 436—7th Ave., Pittsburgh; for 
mail, 1158 Pinewood Dr., Mt. Lebanon, Pitts- 
burgh 16, Pa. 

Mullikin, Harwood Franklin (’30;’41) (FOS 
CK), Junior Award, ’36; 409 Weaver St., Larch- 
mont, N.Y. 

Mullin, William Howarth (J’44) (KMCDB), 
Prod. Engr., Phileo Corp., Box 453, Tecumseh, 
Mich. 

Mullins, Euthan V. (J’41) (CDS), 1968 Jasmine 
St., Denver, Colo. 

Mullis, Clyde Monroe (J’42) (ABEJNZ), Sr. Test 
Engr., Wright Aero. Corp., Paterson 3; for mail, 
470 Prospect St., Ridgewood, N.J. 

Multhaup, Robert Hansen (J’44) (BSKCEB), 
Prod. Supvr., Research & Devel. Dept., Elliott 
Co., Jeannette, Pa. 

Mulveny, Frank, Jr. (J’37) (CFS), Mech. Engr., 
Edge Moor Iron Works Co., Edge Moor ; for mail, 
9 Polk Rd., Edge Moor Gardens, Wilmington, 


Del. 

Mumford, Albert Russell (°19; 724; 727; F’42) 
(SFKBCE), Devel. Engr., Combustion Engrg. Co., 
Inc., 200 Madison Ave., New York 16, ine 

Mumford, Stephen F. (J’40) (FKS), Mar. Dept., 
Combustion Engrg. Co., Inc., 200 Madison Ave., 
New York 16; for mail, 191 Ocean Ave., Lyn- 
brook, N.Y. 

Mumma, Milton Christian (’42) (EDR), Indus. 
Lub. Serv. Engr., Gulf Oil Corp., Pittsburgh, 
Pa.; for mail, 5409 Staunton Ave., Charleston 4, 


W.Va. 

Mummery, Charles Rutherford (’30; 35) (BM 
ZCT), Sec. Head, Mech. & Cleaner Research, 
Hoover Co.; for mail, 606 E. Maple St., North 
Canton, Ohio. 

Munck, Ludwig R. (’38) (FS), Sales Engr., 
Foster Wheeler Corp., 634 Michigan Bldg., De- 
troit; for mail, 14803 Greenview Ave., Detroit 
23, Mich. 

Mundel, Marvin E, (J’43) (CMWO), Asst. Prof. 
Indus. Engrg., Purdue Univ., Lafayette, Ind. 

Mundy, James T. (J’39) (BCJNTZ), Capt., Ord. 
Dept., U.S.A., Chief, Admin. Branch, Ord. 4th 
& 5th Ech., Auto Shop, Atlanta Ord. Depot ; 
jor mail, 1677 Havilon Dr., S.W., Atlanta, Ga. 

Munger, Milton Potter, Jr. (J’37) (ZYHS), As- 
soc. Mech. Engr., P3, Indus. Lab., Mare Island 
Naval Shipyard, Vallejo; for mail, 2829 Regent 
St., Berkeley 5, Calif. 

Munier, Leon Lucien (’21;’26) (FKO), Pres., 
Wolff & Munier Inc., 222 E. 41st St., New York 
Lip wNey 

Munn, Harvey Timlow (43) (HSCEGO), Hyd. 
Engr., Natl. Bd. of Fire Underwriters, 222 We 
Adams St., Chicago 6, Ill. 

Munn, Hugh Frisbie (’44) (COWK), Mieke 
Engrg. & Mgmt., Tech. Serv. Co., 501 N. 1st St.; 
for mail, 419 W. Granite Ave., Albuquerque, 
New Mex. 

Munro, Robert W. (J’24) (BEFHKS), Dist. Mgr., 
Griscom-Russell ©o., 1317 Land Title Bldg., 
Philadelphia 10, Pa. 

Munroe, Harold David (J’42) (NMKH), Ord. 
Engr., Naval Shipyard, Mare Island; for mail, 
2538 Durant Ave., Berkeley 4, Calif. 

Munschauer, Frederick Eugene, Jr, (J’43) (NM 
JCH), Mgr. of Plant & Indus. & Prod. Engrg., 
Niagara Mch. & Tool Works, 683 Northland Ave., 
Buffalo 11, N.Y. 

Munsell, David Dows (J’43) (AEM), 
Deer Park Rd., Reisterstown, Md. 

Munson, John G. (717) (J), V-P., U.S. Steel 
Corp. of Del., 436—Tth Ave., Pittsburgh 30, Pa. 

Munson, Lloyd Emery (J’41) (ABN), Structures 
Gp. Engr., Consltd. Vultee Aircrait Corp. ; for 
mail, Apt. 156, 3100 Darnell, Ft. Worth, Tex. 

Munson, Stanley (711;’25) (DFLS), Kirkman & 
Son Div., Colgate-Palmolive-Peet Co., 215 Water 
St., Brooklyn 1; for mail, 89-11—198th St., 
Hollis 7, N.Y. 

Munz, Charles Arthur (J’43) (NMAB), Owner, 
Ch. Engr., Munz Engrg. Serv., 704 S. Spring 
St., Los Angeles 14, Calif. 

Murayama, Sutemi (J’43) (NLJHDA), Ch. 
Draftsman, Indus. Washing Mch. Corp. ; for mail, 
145 Welton St., New Brunswick, N.J. 

Murphy, Benjamin Stuart (705; 16) (SFKOR), 
Asst. Mgr., Elec. Prod. Dept., Consltd. Edison 
Co. of N.Y., Inc., 4 Irving Pl., New York 8, 
N.Y.; for mail, 2600 Boulevard, Jersey City 6, 

N.J. 


Ensign, 


MURPHY 


Murphy, Benton Franklin, Jr, (J’42) (B), En- 
sign, O-V(S), U.S.N.R.; for mail, Rivermines, 


0. 

Murphy, Carroll T, G. (J’45) (BHNOSC), 820 
W. 8i1st St., Wilmington, Del. 

Murphy, E. Landry (J’40) (CKBA), Ch. Engr., 
Mech. Equip. Co., 861 Carondelet St.; for mail, 
$223 Jena St., New Orleans 15, La. 

Murphy, Edward Ross (’45) (BOJMG), Asst. to 
Ch. Designer, Am. Can Co., 820 Elizabeth Ave., 
Newark 8; for mail, 195 Prospect St., Wast 
Orange, N.J. 

Murphy, Edward Thomas (’05;’17) (KLT), Sr. 
V.P., Carrier Corp., 800 8. Geddes St., Syra- 
cuse 1, N.Y. 

Murphy, Eugene Francis (J’35) (BEKN), Staff 
Engr., Com. on Prosthetic Devices, Natl. Acad. 
os Sciences, 855 Northwest. Tech. Inst., Evanston, 


Murphy, Frank L. (42) (RJBY), Ch. 
Charge Prod., Pullman-Stand. Oar Mfg. 
10909 Cottage Grove Ave., Chicago 28, Tl. 

Murphy, George Francis (’26;’85) (ABKNRY), 
Design Engr., Linde Air Produets Oo., 686 
Frelinghuysen Ave., Newark 5, N.J. 

Murphy, George W. (J’41) (SCA), Supvg. Serv. 
Engr., Westinghouse Elec, Corp., 207 W. 8rd St., 
Cincinnati 2; for mail, 8812 St. John Terrace, 
Deer Park 13, Ohio. 

Murphy, Glenn (’45) (ABH), Prof. Theoretical 
, Applied Mechanics, Iowa State College, Ames, 
owa, 

Murphy, 


Engr., 
Oo., 


Gordon (’48) (EFB), Ch. Engr., Re- 


search Div., Fairbanks, Morse & Co., Lawton 
Ave., Beloit, Wis. 
Murphy, Harold William (J’44) (BKIJIZAN), 


Devel. Engr., Carrier Corp., 800 8S. Geddes St., 
eae 1; for mail, 4184 Rich St., Syracuse 7, 


Murphy, Howard Charles (’82) (OF KRTZ), V.P., 
Am, Air Filter ©o., Inc., 215 Central Ave., 
Louisville 8, Ky. 

Murphy, John Vance (J’40) 
Main St., Wilmington, Ohio. 

Murphy, John Wilton (’45) (MOJLON), Proj- 
ect Ingr., West. Elec, ©Co., Inc., 300 Central 
Ave., South Kearny; for mail, 272 Chestnut S8t., 
Nutley 10, N.J. 

Murphy, Marshall Edward (J’42) (OJD), Ener., 
Job Evaluation, Bridgeport Brass Co., 774 Wast 
Main St., Bridgeport; for mail, 88 Sands P1., 
Stratford, Conn, 


(ABJ), 285 W. 


Murphy, Moyes Joseph (’45) (EJR), Oomdr., 
U.S.N.R., Project Engr., Bur. of Ord., Navy 


Dept., Washington, D,O.; for mail, 1654 Mount 
Eagle Pl., Alexandria, Va. 


Murphy, Robt. E, (’86) (CDM), Plant Enegr., 
Am, Chicle ©o,, 80-80 Thomson Ave,, Long 
Island City; for mail, 144-46—29th Ave., 


Flushing, N.Y. 

Murphy, Robert Joseph (’27; 748) (IS), Mech. 
Supt., Consltd. Edison Co. of N.Y., Inc., 201st 
St. & 9th Ave., New York, N.Y.; for mail, 183 
Claremont Ave., Jersey City 5, N.J. 

Murphy, Thos, R, H, ('11; 716; 35 OLS 
R.F.D. 1, Ridgefield, Conn. a 

Murphy, Timothy Henry (’42) (ENRFAJ), Supt. 
cee Power, Am, Loco. Oo., Schenectady 5, 

Murphy, Walter B, (’16;’85) (JOM), 
Works Megr., Messinger Bearings Inec., D St. 
above Erie Ave., Philadelphia; for mail, 4211 
Sansom St., Philadelphia 4, Pa. 

Murphy, Miss Wilburda Miriam (J’44) (K), Jr. 
Engr., York Corp., Roosevelt Ave.; for mail, 
722 Roosevelt Ave., York, Pa. 

Murphy, William James (’27) (8S), Constr. 
Supvr., Pub. Serv. Plee, & Gas Co., 80 Park Pl., 
Newark; for mail, 238 Sherman Ave., Glen 
Ridge, N.J. 

Murr, Charles Howard (J’40) (ODJMBN), Meth- 
ods Iner., Gen. Elec, Oo., 6901 Elmwood Ave., 
Philadelphia; for mail, 905 Pasadena Ave., 
Philadelphia 11, Pa. 

Murray, Arthur Frederic (08; 15; 19) (MOD 
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Old Greenwich, Conn. : 

ey oe Warden (J’40) (MOD), Ist Lt., 
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an, N, Am. Rayon’ Corp,; for mail 
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Murray, Edwin D, (’82) (MOOS), Oomdr 
U.S.N.R., 6889 Florio St., Oakland 11 Oalit, ” 

Murray, Eugene Walter (’48) (HKS), St. Louis 
Dist. Mgr., Spencer Turbine Co., 448 New Park 
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Murray, Julian Ronald (J’88) (SEKOFII), Sales 
Engr., Babcock & Wileox Oo, 105 8, La Salle 
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Asst. 


Murray, Thos. E, (’82), Metro. Engrg. Co., 1250 
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Murray, Willard Augustus (J’45) (ABHNCG), 
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Murray, William F, (’22;’81) (OLI), Pacifie 
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Murray, William H. G, (’48) (KOSOL), Pres., 
Smith-Murray Corp., 821 Burnet Ave., Syracuse 
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N.Y. 

Murray, William MacGregor (’85;'41) (BA 
JRO), Assoc, Prof. Mech. Engrg., Mass. Inst. 
of Tech., 77 Massachusetts Ave., Oambridge 89, 
Mass. 

Muschamp, George M, (743) (CZMLBK), V.P., 
Charge Engrg., Brown Instrument Co., Wayne & 
Roberts Aves., Philadelphia 44; for mail, Rodney 
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Muschenheim, Fred’k A, (15), Pres., 
Astor, Times Sq., New York, N.Y. 

Muschett, Wilbery Ramsay (J’44) (2IKRSZ), 


Hotel 


Mech. Engyr., Designer, Detailer, N.Y. Cent, 
System, Rm. 858, 466 Lexington Ave,, New 
York 17, N.Y.; for mail, 1471 Teaneck KRd., 


West Wnglewood, N.J. 

Muse, Harold Taylor (J’45) (AIFS), 2368 Vic- 
tory Pkwy., Cincinnati 6, Ohio. 

Musham, William ©, (J’88), Imperial Brass 
Mfg. Co., 1200 W. Harrison St., Chieago 7, Il. 


Muska, Vojtech Frank (J’45) (BKL), 84-80— 
28th St., Long Island City 1, N.Y. 
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Devel. & Analyst Engr,, Airquipment Co., Div. 
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Burbank; for mail, 2011 N. Cheremoya Ave., 
Hollywood 28, Calif. 

Myatt, Donald Joseph (J’46) (CJM), 2868 Tyler 
Lane, Louisville 5, Ky. 
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224 W. 57th St., New York 19; for mail, 12 KE. 
61st St., New York 21, N.Y. 

Myers, ©. O. (’80), Secy., Treas., Natl. Bd. of 
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St., Columbus, Ohio. 

Myers, Charles G., Jr. (J’40) (SHYO), Power 
House Design Engr., Celanese Corp. of Am., 
290 Ferry St., Newark 5; for mail, 409 Lineoln 
Park E., Cranford, N.J. 

Myers, Charles Louis, Jr, (J’88) (MBM), Vire- 
man, Ist Olass, Supply 116, Naval Aviation 
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616 York Ave,, Lansdale, Pa. 
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Dir., Daniel Guggenheim Airship Inst., 1800 
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Myers, David Moffat (’07;'12; 1738) (SIFK), 
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ee Elwood Ray (J’48), Box 201, Chester, 
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EH), Sales Engr., Jos. W. Eshelman & Oo,, 1116 
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mail, 96 Coolidge St., Malverne, L.I., N.Y. 

Myers, Henry Joseph (J’46), 342 BE. 67th St., 
New York, N.Y. 

Myers, Jas. (A’26), Secy., Indus, Div., Fed. 
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Ave., New York, N.Y. 

Myers, John Beasley (J’41) (A), Engr., Glenn L. 
Martin Go,, Baltimore 8; for mail, Odenton, Md. 

Myers, Maurice Earl (’45) (OCWND), Oons. 
Engr., 1205 Am. Bank Bldg., Portland; for mail, 
6805 N. Kerby, Portland 7, Ore. 

Myers, Oscar Bruce, Jr. (J’45) (HAOMO), De- 
sign Engr., with Dalmo Victor, San Carlos; for 
mail, 915 8. Fremont, San Mateo, Calif. 

Myers, Phillip Samuel (J’42) (EFAOKRB), Inaty., 
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versity Ave., Madison 5, Wis. 
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Engr., Sprague-Sells Div., Food Mehy. Corp. ; 
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Myers, William Joseph (J’45) (SKENZE), Grad- 
uate Mech, Engrg. Student, Graduate House, 
Mags, Inst. of Tech., Cambridge 89, Mass. 

Myers, William Kurtz (’21) (CJR), Pres., Penn 
Steel Castings Co., Front & Penn Sts., Chester, 


Pa, 

Myhre, Emmett Bernard (J’36) (SHI), Engr., 
U.S, Bur. of Reclamation; for mail, 1216—bth, 
3oulder City, Nev. 

Mylroie, John Ellis (’86;’45) (AC), Field Serv. 
Engr., Boeing Aireraft Oo., Seattle 8; for mail, 
30x 70, Route 2, Renton, Wash, 

Mylting, Lauritz Emil (’37) (HMODN), Ch, 
Engr., Allen-Sherman-Soff Co., 225 8, 15th St., 
Philadelphia, Pa. 

Mynderse, Chauncey cklin (’25) (BOMZ), 
V.P., Fulton Sylphon Co,, Kingston Pike, Knox- 
ville 4; for mail, Box 268, 2008 Terrace Ave., 
Knoxville 16, Tenn. 


N 


Nabow, David (’41) (BHS), Ch. Designing Engr., 
Duke Power Co., 420 8. Church St., Charlotte 


1, N.C. 

Nace, John Foley (J’41) (SHO), Application 
Pngr., Fed. & Mar, Div., Gen. Mee, Co., Schenec- 
gi Geka’ mail, 1787 Last. Pkwy., Schenectady 
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Nachman, Harry Simon (J’44) (OJK), Propr., 
H, 8. Nachman & Associates, 179 W. Washington 
St., Chicago 2, Il. 

Nachman, Henry L, (’21) (SKB), Prof. Thermo- 
dynamics, Jll. Inst. of Tech., 8300 Wederal 8t., 
Chicago 16, Tl]. 

Nacy, Robert James (J’'45) (BDJKMS), Plant 
Engrg. Drafteman, Murray Corp, of Am., 7700 
Russell, Detroit 21, Mich. 

Nadai, A. L. (’29) (ABJKSY), Cons. Mech, Engr., 
Wy Seen abe Research Labs., Bast Pittsburgh, 
A, 

Nadeau, Robert Frederick (J’89) (CMTY), Prod, 
Engr., Tubbs Cordage Co., 22nd & Jowa Sts., San 
Francisco 7, Calif. 

Nadler, Robert A. (J'42) (NMCDJL), V.P., 
Charge of Engrg. & Sales, Nadler Pdy. & Mech. 
Co., Inc., Plaquemine, La. 

Naeseth, Rodger Leonard (J’41) (A), Capt., 
Aero, Research, Langley Memorial Aero, Lab., 
Natl. Advis. Com, for Aero., Langley Field; for 
mail, 209 Algonquin Rd., Hampton, Va, 

Nagai, Gladyes Masao (J’41) (ABM), Drafts. 
man, Wouston Fdy. & Mch. Co., 2006 White St., 
Houston; for mail, Box 26, Almeda, Tex, 

Nagel, Eric W. (’88) (CDK), Factory aa 
Wrought Jron Range Oo., 5661 Natural Bridge 
Ave., St. Louis 20, Mo. 

Nagel, Theo, (’18) (FKS), Oons, Engr., 76 
Remsen St., Brooklyn, N.Y. 

Naglo, March Emmett (742) (BOM), Plant Mgr., 
Kimble Glass Co., 12th & Arnold Sts., Chicago 
Heights, Ml. 

Nagle, Porry Ira (’44) (BHL), Mer., Indus, 
Pumps, Am. Manganese Steel Div., Am. Brake 
Shoe Co.; for mail, 258 W. 16th Pl., Chicago 
Heights, M1. 

Nagler, Forrest (718) (ATMISK), Life Member for 
Distinguished Service, ’21; Oh, Mech. Engr., 
rch aoain Mfg. Co., Box 612, Milwaukee 1, 

8. 

Nagler, Larry H, (’45) CESS) Tech, Editor, 

Motor Magazine, 672 Madison Ave., New York 22, 


aoe for mail, 16628 Pinehurst, Detroit 21, 
en, 
Naiman, (JMNYZ), Wleetronica 


Robert rae) 

Technician’s Mate, 2nd Olass, U.S.N.R., U.S.S. 
Portsmouth, OL-102; for mail, 8 Haley St., Rox- 
bury 19, Mass. ; 

Nairno, Clayton Ludlow (’48) (OKSFAY), Asst. 
to Exee. V.P., New Orleans Pub. Serv., Inc., 817 
Baronne St., New Orleans 12, La. 

Nalbandian, Haig Sarkis (J’44) (AHBS), Asst. 
ngr., Cent. Tech. Dept., Shipbldg. Div., Bethle- 
hem Steel Co., 97 &. Howard St., Quincy 69; for 
mail, 86 8. Crescent Circuit, Brighton 85, Mass, 

Nall, Robert Lauren (48) (LDM), Plant Bngr., 
Flintkote Oo., 4500 N. Galvez St., New Orleans 4; 
for mail, 1189 State St., New Orleans 18, La. 

Nalven, Robert M, (J’40) (KSHL), Mech. Engr., 
Combustion Engrg. Co., Inc., 200 Madison Ave., 
New York 16; for mail, 8267 Austin St., Kew 
Gardens, N.Y. 

Nankivell, John Elbert (J’48) (HHS), 201 
Hackensack St., Mast Rutherford, N.J. 

Nantz, Merle Edward (48) (HBNJYL), Wydro- 
elec, Engr., Charge Hydroelec. Design, U.S. Engr. 
Office, 1709 Jackson St.; for mail, Box 869, 
Omaha, Neb. 

Napier, Alex E, (J'28), Bldg. Secy., Pur. & 
Maint., Y.M.O.A., 167 Sands St,, Brooklyn, N.Y. 


Napier, David Jamieson hae (PKS), Canadian 
Rep. & Supvg. Inspr., Mutual Boiler ins. Oo. of 
Boston, 607 Sterling Tower, 872 Bay St., 


Toronto; for mail, 85 Wsgore Dr,, Toronto 12, 
Ont,, Can, 

Napier, E, T. (J’87 
Boiler & Turbine 
delphia, Pa. 

Napp, Anthony Edward (J’48) (BATJS), Product 
& Design Engr., Arma Corp,, 264—86th 8t., 
Brooklyn; for mail, 101 Nassau Ave., Brooklyn 
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(BKS), Lt., U.S.N., Naval 
uab., Naval Shipyard, Phila- 


' Nascenzi, 
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i Nash, 


\ Nasmyth, P. 
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“Nardelli, Dominick (J’45), 576 WH, 181st St., 
Bronx 67, N.Y. 

Nardone, Plo (J’48) (SHME), Mech, Engr., Re- 
search Dept., Worthington Pump & Mchy. Oorp., 
Worthington Ave., Harrison, N.J.; for mail, 
1578—85th St., Brooklyn 28, N.Y, 

Nardone, Romeo Morton ('84; 35) (ABMNHY), 
Ch. Engr., Victory Bngrg. Corp., 744 Broad St., 
Newark 2; for mail, 744 River Rd., Teaneck, NJ. 


Warmore, Phil Blasier (44) (BJYOAN), Exec. 


Dean, Ga. Sch. of Tech., Atlanta, Ga, 

Frank Lawrence (J’'42) (MOYJNB), 
Pngr., Westinghouse Elec. Corp., Bloom- 
or mail, 50 Morton Pl., Bast Orange, N.J. 
harles Whitwell (J’42) (ACHB), Pilot 
Officer, Royal Canadian Air Force; 1940 Great- 


Mfg. 


: ford Pl., Victoria, B.O., Oan, 


Nash, Douglas E. (’17; 85), Treas., Nash Engrg. 
©o., Wilson Ave,, South Norwalk, Oonn, 

Nash, Richard Leland (J’84) (OBENRS), Asst. 
Oh. Engr., Chicago Pneumatic Tool Co. ; for mail, 
1048 Elk St., Franklin, Pa. 

. (J'46), 129 Adolphus St., Corn- 

wall, Ont., Can, 


| Nass, Lawrence (J’41) (NJBAGY), Mech, De- 


signer, Mch, & Tool Design Oo, of N.Y., 200 Madi- 
gon Ave., New York; for mail, 1670 1. 24th St., 
Brooklyn, N.Y. 


Y 
Nass, Walter Robert (J’40) (BNZJI), Major, 
U.S.A. ; for mail, 2088 W. 78th Pl, Los Angeles, 


Calif. 

Nathan, Henry H. (J’84) (BSK), Assoc, Mar, 
Engr., Naval Shipyard, Charleston; for mail, 
20 Glebe, Charleston 6, 8.0. 

Nathan, Walter (J’44) (MNO), Electronics Tech- 
nician’s Mate, 2nd Class, U.S.N.R., Radio Instr., 
Naval rng. Sta., Navy Pier, 4th Phase, Chicago ; 
for mail, 740 Bittersweet Pl., Chicago 18, Il, 

Nathanson, Max ‘(’45), Propr., Mgr., Canadian 
Armature Works, 6595 St. Urbain St.; for mail, 
6467 Victoria Ave., Montreal, Que,, Can, 

Natkins, Ephraim Nathaniel (J’44) (BJ), Gries 
Reproducer Corp., 780 fH. 138rd_ St., New York ; 
for mail, 989 Woodycrest Ave., Bronx, N.Y. 

Nau, Henry A, (40) (MNORTY), 90 West St., 
New York 6, N.Y. 

Nau, Paul Russell (J’88) (HFZ), Asat, Exper. 
Bngr., Wis. Motor Corp., 1910 8, 68rd St.; for 
mail, 2164 8. GOth St., West Allis 14, Wis. 

Naughton, Frank U., Jr, (J’45) (BOT), Sales 
Engr., Hyatt Bearings Div., Gen. Motor Sales 
Corp., Uarrison, N.J.; for mail, 988 Pleasant 8t., 
Worcester, Mass. 

Naughton, John Francis (J’45) (ABJ), Asst. 
Metallurgist, Wright Aero, Corp., Paterson; for 
mail, 292 Edgewood Ave., West Inglewood, N.J. 

Naugle, John J, (’24), 120 Wall St., New York, 


N.Y. 

Naujoks, Waldemar (44) (JOANML), Ch, Engr., 
Steel Improvement & Forge Co., 970 BH. 64th St., 
Cleveland 14: for mail, 8804 Severn Rd., Cleve- 
land Heights 18, Ohio, 

Naulin, Donald B. ree) (BOMSFA), Jr. Mech, 
Lngr., Diesel Div., Nordberg Mig. OCo., 8078 8. 
Chase Ave., Milwaukee 7; for mail, 4787 N, Idle- 
wild Ave., Milwaukee 11, Wis, 

Naumburg, Robert Elkan (’17;'24) (TUM), 
Mech, Kingr., Jonas & Naumburg Oorp., 616 W. 
85th St., New York 1, N.Y. 

Naylor, Franklin Llewellyn, Jr. (J’81) (CAMR 
JN), Co-ordinator, Charge of Interchangeability 
Lockheed Aircraft Corp. & Instr., Burbank Unifiec 
Sch. Dist., Burbank; for mail, 1824 N. Pacific 
Ave., Glendale 2, Calif. 

Naylor, George M. (’20) (CMDWSO), Pres., Gen, 
Mer., Fairbanks Oo., 898 Lafayette St., New 
York 8, N.Y.; for mail, 88 Warren Pl., Mont- 
clair, N.J. 

Naylor, Henry Alan, Jr, (41; ’46) (OSHKED), 
Mech, Engr., Whitman, Requardt & Associates, 
1204 St, Paul St., Baltimore 2; for mail, 6104 
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Nazzaro, Armand Louis ne ae (TDLNZO), Lt. 
(ie.) U.S.N.R., Exec, Officer, LSM-555, Wla, Gp., 
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Pla. ; oe mul, 160 Greenway Terrace, Forest 
Hills, N.Y. 

Nazzaro, Rocco Michael (45) (ODKSTZ), Owner, 
Am. Sextile Processing Co., 18 Market St., Pater- 
fon 1, N.J, 

Nazzer, Don Barkley (J’41) (NMI), Asst, Re- 
search Eingr., Natl. Research Council, Montreal 
Rd., Ottawa, Ont., Can. 

Neal, George Alfred (’21;’'85) (CWS), Pres, 
Sioux City Gas & Elec, Co., 615—bth Ave., Sioux 
City, lowa, 

Neal, Henry Percy (J’86) (NS), Prof., Engrg. 
Drawing, Miss, State College, Box 74, State 
Oollege, Mina. 

Noal, Kenneth Gerow (A’48) (OMD), Partner, 
Charge of Cons. Serve., Neal, Sawyer & Co., 299 
Madison Ave., New York 17, N.Y. 

Neal, Robert Abbott (46) (SHRAOCO), V.P., 
Westinghouse Wlec. Corp,, 806—4th Ave., Pitts- 
burgh 80, Pa, 

Neal, Robert 8, ('22; 85) Caey) Sales Engr., 
‘ex, Co., 882 8. Michigan Ave., thicago ren wh 
for mail, 6412 Cabanne Ave., St, Louls 12, Mo, 

Neal, Stanford (J'36) (SKI), Devel. Engr., Gen. 
Wee, Co., 1 River Rd, Schenectady ; for mail, 21 
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Neal, William (J’'44) (OONSMJ), Jr, Engr., 
Trainee, Oreole Petroleum Oorp., Apartado 172, 
Maracaibo, Venezuela, 8A. 


AS.M.E. MEMBERS—ALPHABETICAL LIST 


Neale, Douglas Frederick (J’46), Ensign, 
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derwriters Labs, Inc., 207 BE, Ohio St., Chicago 11, 


Til. 

Near, Lloyd Burton (’88) (DSBA), Div. Mgr., 
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New York Ave., La Orescenta, Calif. 
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Neave, Pierson M, (08; ’26) (CKT), Secy., N.Y. 
Wlectrical Society, Inc., 29 W. 89th St., New 
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Engr., Am, Oyanamid Co., 80 Rockefeller Plaza, 
New York 20, N.Y. 
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Nickelsen, Charles J. (J’45), U.S.N.R.; for mail, 
225 Sip Ave., Jersey City, N.J 

Nickerson, Alvano Thomas (’01) Retired; 144-65 
—87th Ave., Jamaica, N.Y. 

Nickerson, John Winslow (’11;’20) (©), Dir. 
Indus, Relations, Bigelow, Kent, Willard & Co., 
75 Federal St., Boston, Mass.; for mail, 46 
Mountain View Dr., West Hartford 7, Conn. 

Nickerson, Robert "David (J’44) (BAEL), it. 
Box 75, Hdq., Engr. Sch., Ft. Belvoir, Va.- 


~ Nicolson, 


AS.M.E. MEMBERS--ALPHABETICAL LIST 


| Nicklas, Donald Louis (J’44) 2nd 1t., Hdq. Oo., 


8rd Bn., 24th Inf., A.P.O. 381, c/o Postmaster, 
San Francisco, Calif.; for mail, 5 Coffin St., New- 
buryport, Mass. 

Niclaus, William Ludwig (J’43) (Y), Partner, 
Engr., Wilpet Engrg. & Mfg. Co., 41 King St., 


Belleville 9, N.J. 
Nicol, Geo. A., Jr. (’14;’85) (CLR), Retired; 
1127 Lake Way, Palm Beach, Fla. 


Nicol, Herbert Erskine (’28) (MNLKBJ), Re- 


search Engr., 2417 E. Newton Ave., Milwaukee 
11, Wis. 


_ Nicol, Norman C. (’19;’35), Sales Engr., Natl. 


Tube Co., 71 Broadway, New York, N.Y 

Nicolai, Arduo Lewis (’36; ’43) (BEFKS), Mech. 
Engr., Combustion Engrg. Co., Inc., 200 Madison 
Ave., New York 16, N.Y. 

Garth Fancher (J’42) (NHBJ), Ch. 
Engr., Oil Tool Div., Byron Jackson Co., Box 
2017, Terminal Annex, Los Angeles 54, Calif. 

Niebanck, Richard John (’23;’28;’85) (CDN 
MLH), Engrg. & Devel. Coordinator, Natl. Car- 
bide Corp., 60 E. 42nd St., New York 17; for 
mail, 114 Farrington Ave., Philipse Manor, North 
Tarrytown, N.Y. 


zg Niedhammer, Herbert Albert (J’42) (KBJ), Res. 


Engr., Charge of Branch Engrg. Office, DeVilbiss 
Oo., 111—8th Ave., New York 11, N.Y.; for 
mail, 680 Linden Ave., Rahway, N.J. 

Niekerk, Leo Jacob (’42) (EFKS), Asst. Ch. 
Engr., Seovill Mfg. Co., 99 Mill St., Waterbury 
91; for mail, R.F.D. 3, Middlebury Rd., Water- 
bury 83, Conn. 

Nielsen, Donald M. (J’38) (ZLK), V.P., Nielsen 
= hie Inc., 152 E. Superior St., Chicago 11, 


Nielsen, Hans Kristian (’31) (OLODFB), Mech. 
Engr., Ch. Draftsman, F. L. Smidth & Co., 11 W. 
42nd St., New York 18, N.Y. 

Nielsen, Howard L, (J’44), Pres., Ervin A. Rice 
Co., 2230 S. La Salle St., Chicago 16, Ill. 

Nielsen, Jack Norman (J’41) (KBA), Box 46, 
Star Route, Petaluma, Calif. 

Nielsen, M. (’38) (CB), Supt., Mar. Erection 
Dept., Babcock & Wilcox Co., 85 Liberty St., 
New York 6, N.Y. 

Nielsen, Svend G. (J’30), 810 Kerper St., Phila- 
delphia, Pa. 

Nieman, Howard Clifford (J’43) (COLJD), Lt. 
(j.g.), U.S.N.R., Asst. Personnel Relations Officer, 
Naval Am. Depot, Earle, N.J.; for mail, 1160 
York St., Pittsburg, Calif. 

Niemeier, Bernard August (J’44) (NBDZO), 
Instr. in Mech. Engrg., Rensselaer Poly. Inst. ; 
for mail, 46—2nd St., Troy, N.Y. 

Niemeyer, Gerald Walter (J’44) (A), Pvt., 62nd 
QM. Trng. Co., Camp Lee, Va.; for mail, 4322 
Holly Hills Blvd., St. Louis 16, Mo. 

Niemi, Leonard S. (’29;’385) (SFEBK), Engr., 
U.S. Maritime Comm., Commerce Bldg., Wash- 
ington; for mail, 2309—25th St., S.E., Wash- 
ington 20, D.C. 

Niems, Lee H, (J’41) (OJM), U.S. Navy; 2801 E. 
ab Bi, (kis, VL = 

Nigh, George W. (’14; 725) (LKEFJS), Asst. 
Mech. Supt., Tide Water Associated Oil Co.; for 
mail, 930 Hudson Blvd., Bayonne, N.J. 

Nihlen, Arvid C. K. (J’40) (CKM), Mfg. Ener., 
Am. Heat Reclaiming Corp., 1270—6th Ave., New 
York | 20, Y.; for mail, 908 Irving Rd., 
Birmingham 9, Ala. 

Nikoloff, Subbo (’29), V.P., Leland-Gifford Co., 
Worcester 1, Mass.; for mail, 488 Pomfret St., 
Putnam, Conn. 

Nikonow, John Paul (’19) (B), Pat. Atty., 551— 
5th Ave., New York 17, N ie 

Niland, 


and, Patrick Barry (J’43) (CMDAJ), Lt. 

(j.g.), U.S.N.R., Staff Engr., LOI (L) Gn 108, 
F.P.0,, San Francisco, Calif, 

Niles, Alfred 8, (’27) (BA), Prof. Aero. Energ, 
Stanford Univ., Stanford University, Calif. oy 

Nilges, William C. (J’41), 4209 W. 189th St., 
Fairview Village, Cleveland, Ohio. 

Nilsen, Laurits (J’43), Lt., U.S.N.R., U.S.S. Puget 
Sound, CVE-113, F.P.0., San Francisco, Calif. ; 
on ntl. Box 63, 79 Dosoris Lane, Glen Cove, 


Nimbkar, Vishnu (J°'36) (B), Mer. Ener. 
Consltd. Pneumatic Tool Co., Ltd., P.O. Box 338, 
Bombay, India. 

Niper, Louis 8S. (J’25) (CGMOW), Firm of Louis 
S. Niper, Real Estate, Box 103; for mail, Ridge- 
wood, Clinton, Conn. 

Nitka, William Alfred (J’43) (RC), Mech. Engr., 
Plant Engrg., Dept. 6002, West. Elec. Co., Inc., 
Baltimore; for mail, 1403 Dundalk Ave., Balti- 
more 22, Md. 


Nitze, Carl Vietor (J’46) (BKS), Ensign, 
U.S.N.R., -U.S.S. Denver, CL-58, F.P.0., New 
York, N.Y.; for mail, 905 St. George’s Rd., 


Roland Park, Baltimore 10, Md. 

Nixon, Boris C. (’46) (LSY), Designer, Dept. 
110-X, Goodyear Tire & Rubber Co.; for mail, 
864 Broad St., Akron, Ohio. 

Nixon, James A, (J’40) (AEJ), 520 W. 3rd St., 
Eureka, Kan. 

Nixon, Stuart (’44) (EAJBOM), Sales Engr., 
Sealed Power Corp., Muskegon Heights, Mich. 
Nixon, William (’30;’42) (KMZDCB), Mech. 
Engr., Tenn. Eastman Corp., Box 590; for mail, 

Westwood Dr., Knoxville, Tenn. 
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Noble, Eugene Emmor (’46), Asst. Ch. Engr., 
Gen. Foods Corp., 250 Park Ave., New York; 
for mail, 40 Algonquin Rd., Tuckahoe, N.Y. 

Noble, John Joseph (J’45) (CRABYO), Asst. Test 
Engr., Am. Steel Fdys., 410 N. Michigan Ave., 
Chicago 11; for mail, 2440 S. Euclid Ave., 
Berwyn, Ill. 

Noble, K, B. (’43) (BJMAZL), Pres., K. B. Noble 
Co., 100 Pearl St., Hartford, Conn. 

Noble, William John, Jr. (J’42) (N), Tool De- 
signer, Stanley Works, 195 Lake St.; for mail, 
42 Black Rock Ave., New Britain, Conn. 

Nobles, Elon John (J’39) (LCOSZE), Engr., 
Chem. Constr. Corp., 350—5th Ave., New York ; 
for mail, 120 Brambach Rd., Scarsdale, N.Y. 

Nodelyk, John Cornelius (’45) (BS), Mech. Engr., 
West. Cartridge Co., East Alton; for mail, 3630 


Aberdeen, Alton, Ill. 

Noe, Robert Clark (J’45), U.S.N.R., 331 E. 
Sullivan, Gallup, New Mex. 

Noell, Milton James (J’35) (EDNSAM), Megr., 
Engrg. Dept., Oil Well Supply Co., 2001 N. 
Lamar St., Dallas 1; for mail, 4153 Travis St., 
Dallas 4, Tex, 


Nofsinger, Charles William (’38) (CFKLMO), 
pont. (Oil Refining), 36 Bedford Rd., Summit, 


N.J. 

Nohse, William R. E, (J’21) (RSC), Gen. Mech. 
Inspr., Cent, R.R. of N.J., Elizabethport, N.J.; 
for mail, 680 W. 139th St., New York 31, N.Y. 

Nolan, Hubert L. (J’40) (COCKS), 2nd Lt., Ord. 
Dept., 722nd Ord. Co., Aviation (AB), Orlando 
Air Base, Orlando, Fla. 

Nolan, John B, (J°’37) (RMODEJ), Prod. Engr., 
Am. Loco, Co., Schenectady 5, N.Y. 

Noland, Solomon Calhoon (’48) (ACGHLM). 
So. Mgr., Automatic Sprinkler Corp. of Am., 161 
Spring St., N.W., Atlanta, Ga. 

Nolin, Charles Albert (J’44) (AJYMBZ), Engr., 
Lodington-Griswold Ine., Old Saybrook; for mail, 
Westbrook, Conn. 

Nolte, Frederic Stuart (J’42) (FKS), 124 Pier- 
repont St., Brooklyn 2, N.Y. 

Nolte, Richard B. (J’41) (ACS), Lt., U.S.N.; 
2328 E. 70th St., Chicago, Ill. 

Nonemaker, Frank, Jr. (J’42) (JMBN), Plant 
Engr., Milton Mfg. Co., Lower Market St.; for 
mail, 30—1st St., Milton, Pa. 

Nones, Lynn W. (’31) (CSJEF), V.P., Diamond 
Power Specialty Corp., Suite 1215, 37 W. 43rd 
St., New York 18, N.Y. 

Nonnenbruch, Otto (’22) (ERYH), Sales Engr., 
Baldwin Loco. Works, 120 Broadway, New York 
5; for mail, 310 E. 75th St., New York 21, N.Y. 

Nooger, Samuel (J’38) (AMBCGE), Ch. Engr., 
Aero Manuscripts, Inc., 101 Park Ave., New 
York 17, N.Y. 

Noon, Alonzo William (J’42) (BAJ), Mech. Engr., 

* Gen. Elec. Co., 1 River Rd., Schenectady; for 
mail, 2137 Campbell Ave., Schenectady 6, N.Y. 

Noonan, Edward Francis, Jr. (J’43) (BESKNO), 
Partner, Mar. Engr., Tomalin & Noonan, 302 
Bond Bldg., Washington 5, D.C.; for mail, 25 
Darwin Ave., Takoma Park 12, Md. 

Noonan, John D, (’85) (JMS), Lt. Comdr., 
U.S.N.R., Office of Supvr. of Shipbldg., U.S.N., 
Fore River Plant, Shipbldg. Div., Bethlehem Steel 
Co., Quincy; for mail, 12 Chesterfield Rd., East 
Milton, Mass. 

Noor, Robert A. (’41) (LO), Mech. Engr., Day 
& Zimmermann, Inc., 15th & Chestnut Sts., Phila- 
delphia 2; for mail, 1107 Allston Rd., Brookline, 
Upper Darby, Pa. 

Nopper, Richard Earl (J’39) (CJS), 740 Edge- 
wood St., Baltimore 29, Md. 

Norcross, Adrian Moulton (J’46), 10 Oolonial 
Rd., Worcester 2, Mass. 

Norcross, Gilbert Floyd (J’46), Design Engr., 
McGlynn, Hays & Co., 71 Rutgers St., Belleville ; 
for mail, 102 Ravine Ave., West Caldwell, N.J. 

Nordberg, Bruno Victor Edward (’21) (ESB 
FH), Exec. Engr., Nordberg Mfg. Co., 3073 S. 
Chase Ave.; for mail, 2940 S. Logan Ave., Mil- 
waukee 7, Wis, 

Norden, Carl Lucas (Non-Member), Holley Medal- 
list, °44; V.P., Carl L. Norden Inc., 50 Varick 
St.; for mail, Hotel Fairfax, 116 E. 56th St., 
New York, N.Y. 

Norden, Henry Frederic (’20; ’24;’30) (CJY), 
Mar. Engr., Foreign Repairs & Salvage Div., War 
Shipping Admin., Commerce Bldg., Washington 
25, D.C.; for mail, 616 Reiss Pl., New York 67, 


NiY< 

Nordenholt, George Fred (’26) (ABJMRY), Edi- 
tor, Product Engineering, McGraw-Hill Publ. Co., 
Inc., 380 W. 42nd St., New York 18, N.Y. 

Nordheimer, Albert (’16;’24;’35) (SERMJO), 
War Assets Admin., 70 Pine St., New York 5; 
for mail, 75 E. 21st St., Brooklyn 26, N.Ye 

Nordin, Obert Layne (J’42) (BJNKEF), Mech. 
Engr., Thornhill-Craver Co., Box 1184, Houston 
1; for mail, 7126 Palmetto, Houston 12, Tex. 

Nordlie, Frederick Robert (J’41) (NSHEJW), 
Designing Engr., Gardner Mch. Co.; for mail, 
3184 Adams St., Beloit, Wis. 

Nordstrom, Reginald Fred (J’26) (OM), Prod. 
Megr., Ford Instrument Co., 31-10 Thompson Ave., 
Long Island City 1; for mail, 29—I1st St., Lyn- 
brook, N.Y. 

Nordt, Paul Winfried, Jr. (’35;’45) (CJM), 
Sr. Mech. Engr., Charge of Mech. Engrg., Allen 
e DuMont Labs., Inc., 2 Main Ave., Passaic, 

J 


Noreren, Carl A. (’41) (BCHMN), Gen. Partner, 
Gen. Mgr., C. A. Norgren Co., 222 Santa Fe Dr., 
Denver 9, Colo. 
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Norgren, Duane Uriel (J’45), Ensign, Civil Engr. 
Corps, U.S.N.R.; R.R. 2, Sequim, Wash. 

Norling, Bert S. (’86) (SFHEJK), Power Design 
Engr., E. I. du Pont de Nemours & Co., Wil- 
mington; for mail, 600 S. Bancroft Pkwy., Wil- 
mington 157, Del. 

Norman, Benjamin Franklin, Jr, (’37;’41) 
(SCZFL), 1224 W. Broad St., Freeport, Tex. 
Norman, Carl Adolph (’18) (EN), Prof. Mch. 
Design, Mech. Engrg. Dept., Ohio State Univ., 

Columbus 10, Ohio. 

Norman, Earl Edward (’30) (HSCF), Mgr., City 
Light & Water Utilities, City Hall, Kalamazoo 9, 
Mich. 

Norman, John Lawrence (J’40) (MNCEBA), Lt. 
Comdr., U.S.N.R., U.S. Naval Separation Center, 
Camp Wallace; for mail, 2733 Rosedale Ave., 
Dallas 5, Tex. 

Norman, Melvin H. (J’39) (NBJMEH), Design 
Engr., Ralph N. Brodie Co., 61st & Lowell Sts., 
Oakland; for mail, 4274 Coolidge Ave., Oakland 
2, Calif. 

Norris, Alfred George (’45) (COMJ), Cons. Re- 
search Engr., 2430 Piedmont Ave., Berkeley 4, 


Calif. 
Norris, Charles Brazer (’26) (WBAYZL), Engr. 
(P-6), U.S. Forest Products Lab., Madison 5, 


Wis. 

Norris, Charles H. (’13) (ERS), Mech. Engr., 
43 Ten Acre Rd., New Britain, Conn. 

Norris, Olifton Dwight (’24;’85) (EFCD), 
Supvg. Engr., Refining Dept., Engrg. Div., Tex. 
Co., 205 E. 42nd St., New York 17, N.Y.;_ for 
mail, 412 Franklin Ave., Hasbrouck Heights, N.J. 

Norris, Earle B. (’15) (BSCELM), Dean of 
Engrg., Va. Poly. Inst.; for mail, Box 26, Blacks- 
burg, Va. : 

Norris, Edson R, (’06), 542 Braddock Ave., Pitts- 
burgh, Pa. 

Norris, Edward W. (712; 21; ’21) (BLS), Mech. 
Engr., Stone & Webster Engrg. Corp., 49 Federal 
St., Boston 7, Mass. 

Norris, H. Lee, Jr. (J’87) (ALS), Mech. Engr., 
Dow Chem. Oo. ; for mail, 323 E. Broad St., Free- 
port, Tex. 

Norris, Henry Lee (’04;’21;’21) (EFO), Cons. 
Engr., 600 W. 116th St., New York 27, N.Y. 

Norris, R, Hosmer (’35;’46) (KAB), Pi Tau 
Sigma Medallist, ’41; Engr., Gen. Elec. Conn 
River Rd., Schenectady 5; for mail, 1385 Regent 
St., Schenectady 8, N.Y. 

North, John Walton (’37; 41) (KLOWSF), Part- 
ner, North Bros., Box 252, Atlanta 1, Ga. 

North, Richard A, (’21;’39) (C), Exec. WePss 
Republic Industries, Inc., 25 Broad St., New 
York 4, N.Y. 

Northam, Carleton D. (J’24) (SCFK), Asst. 
Supt. Steam Power, Wis. Steel Div., Internatl, 
Harvester Co., 2701 E. 106th St., Chicago 17; 
for mail, 2142 W. 110th St., Chicago 43, Ill. 

Northrup, Francis Benjamin, Jr. (J’38) (HOS 
CWY), Engr., Ingersoll-Rand Co., 224 E. 9th 
St., Cincinnati 2; for mail, R.R. 2, Tipp City, 
Ohio. 

Northrup, Francis Benjamin, Sr. (05; 216) (YN 
BDA), Designer, Howe Mchy. Go, Tne, “80 
Gregory Ave., Passaic; for mail, 58 Raymond 
Ave., Nutley 10, N.J. 

Northrup, Milton George (’36; 46) (HSB), 
Engr., Draftsman, Kelco Co., 530 Broadway, San 
Diego 1; for mail, 5448—8rd Ave., Los Angeles 
43, Calif. 

Northrup, Robert Wright (J’46) (CEF), En- 
sign, U.S.N.R.; 81 Virginia Ave., Clifton, N.J. 
Norton, Augustus Peter, Jr. (J’44), 3170—17th 

St., N.W.; Washington, D.C. 

Norton, C, Palmer (J’41) (BCK), Jr. Mar. Engr., 
U.S. Maritime Comm., 348 Baronne St.; for 
mail, 25084 Peniston St., New Orleans, La. 

Norton, Eric Holt (J’43) (SEFBMN), Engr. 
Officer in Command of Mchy., Royal Canadian 
Navy (Reserve), H.M.C.S. Peirolia, Halifax N.S. ; 
for mail, 2049 W. 37th Ave., Vancouver, B.C., 
Can, 

Norton, Frederick Howard (A’44) (CI), Var, 
Sales, Am. Oar & Fdy. Co., 30 Church St., New 
York 8, N.Y. 

Norton, Paul Thornley, Jr. (’33) (CWJDML), 
Prof. Indus. Engrg., Va. Poly. Inst.; for mail, 
Box 183, Blacksburg, Va. 

Norton, William Mear, Jr. (J’45) (AC), Staff 
Asst., Pur. Director’s Staff, Consltd. Vultee Air- 
craft Corp., 3302 Pacifie Highway, San Diego 12; 
for mail, 444 Retaheim Way, La Jolla, Calif. 

Norvig, Johan (’13) (DFSL), Gen. Supt., Pa. 
Dixie Cement Corp., Nazareth, Pa. 

Norville, Richard G. (J’40) (CDMJLO), Mech. 
Engr., Reduction Div., Aluminum Co. of Am., 
801 Guif Bldg., Pittsburgh 19; for mail, 403 
Groveland St., Pittsburgh 27, Pa. ; 

Nothmann, Gerhard Adolf (J’42) (BNKG), Radio 
Technician, 8rd Class, U.S.N.R., Radio Materiel 
Sch., Naval Trng. Sta., Billet 209-127, Navy 
Pier, Chicago; for mail, 5968 W. Erie St., Chi- 
eago 44, Ill. 

Nott, Albin J, (’10; 17) (SAHZLE), Engr., Col- 
gate-Palmolive-Peet Oo., 1 Newark Ave., Jersey 
City, N.J.; for mail, 16 Strathmore Rd., Great 
Neck, L.I., N.Y. 

Nottage, Herbert B. (J’37) (KBL), Research 
Assoc., Research Lab., Am. Soc. of Htg. & Vent. 
Engrs., 7218 Euclid Ave., Cleveland 3; for mail, 
5 Douglas Rd., Wickliffe, Ohio. 

Nottberg, Henry, Jr. (J’38) (CEFKOS), Secy., 
U.S. Engrg. Co., 914 Campbell St., Kansas City, 
Mo. 
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Nottelmann, John F. (J’40) (NBFLOS), Mech. 
Engr., Gen. Elec. Co., 920 Western Ave., West 
Lynn, Mass, 

Nourse, Chester Linwood (’39) (CKLM), Indus. 
Engr., H. P. Hood & Sons, Inc., 500 Rutherford 
Ave., Boston 29, Mass. 

Novak, Howard Miroslav (J’44) (KSHFBN), Jr. 
Engr., Foster Wheeler Corp., Dansville, N.Y. 
Noveck, Solomon Jacob (J’ 42) (AMDEC), Sr. 
Detailer, Arma Oorp., 254—386th St., Brooklyn; 
for mail, 1168—52nd St., Brooklyn 19, N.Y. 
Novikoff, Igor A. (J’28), Mech. Engr., Solvay 
Process Co.; for mail, 101 Crescent Ave., Hope- 

well, Va. 

Novitzky, Paul George (J’44) (KHFA), Serv. 
Engr., Foster Wheeler Corp., 165 Broadway, New 
York 6; for mail, 148-19—12th Ave., Whitestone, 
N.Y 


Nowacki, Leo Matthew (A’44) (BJKND), Asst. 
Sec. Engr., Gen. Elec. Cco., 1 River Rd., Schenec- 
tady 5; for mail, 83 Snowden Ave., Schenectady 


4, N.Y. 

Nowak, Richard Charles (J’45) (NBEAKH), 
Physicist, Mech. Engr., Naval Research Lab., 
Washington 25, D.C.; for mail, 58 Plymouth 
St., New Hyde Park, L.I., 

Noxon, Elmer W. (’39) (LOD), Ch. Engr., Mgr., 
Engrg. Dept., Ralston Purina Co., St. Louis 2; 
for mail, 415 Yorkshire Dr., Webster Groves 19, 


Mo. 

Noy, Jack M, (’45) (LJDKZS), Elec. Engr., Cli- 
max Molybdenum Co. of Pa.; for mail, 516 W. 
5th Ave., Langeloth, Pa. 

Noyes, George Edward (’31) (RBSJZF), Ch. 
Chemist, So. Pacific Co.; for mail, 2775—21st 
St., Sacramento 14, Calif. 

Noyes, Jonathan Alvan (16; ’25) (CEFMNJ), 
Vice-President, ’43-’45 ; Dist. Mer., Sullivan Div., 
Joy Mfg. Co., 6522 Hines Blvd., Dallas 9, Tex. 

Noyes, Mason Shaw (’33;’35) (SBJFH), Asst. 
Ch. Engr., Lunkenheimer Co., Box 860, Annex 
Sta., Cincinnati 14; for mail, 3430 Morrison Pl., 
Cincinnati 20, Ohio. 

Noyes, Richard Roe (J’36) (KSWLON), Sales 
Engr., Canadian Sirocco ce Ltd., 680 Dorchester 
St. W., Montreal, Que., C 

Noyes, Richard Ww. (J’ 98). (JCBKMG), Chief, 
Engrg. Dept., Oneida Ltd., Oneida, N.Y. 

Noyes, William (731) (CNBJYR), Asst. Ch. De- 
signer, Armstrong Cork OCo.; for mail, 226 EH. 
Orange St., Lancaster, Pa. 

Nugent, Corliss Daniel (729) (ESR), Pres., Ch. 
Engr., William W. Nugent & Co., 410 N. Her- 
mitage Ave., Chicago 22; for mail, 26 Crescent 
Dr., Glencoe, Ill. 

Nugent, Edward Leo (’36) (SKFDNC), nee 
Engr., Mech. Design, Detroit Edison Co., 2000— 
2nd Ave., Detroit 26, Mich. 

Nugent, John Berchmans (J’37) (BDM), Mech. 
Engr., Arthur D. Little, Inc., 80 Memorial Dr., 
Cambridge 42; for mail, 11 Bartlett Pkwy., 
Winthrop 52, Mass. 

Nugey, Anthony L, (’34;’85), 2 Pierpont St., 
Rahway, N.J. 


Nulle, J. Howard (J’36) (CJM), Inspr., Muni- 


tions Div., Am. Type Founders, Inc., Elizabeth; 
for mail, 50 Garden Dr., Roselle, N.J. 
Nulsen, John C. (’28) (ACJ), Indus. Engrg., 


915 Moulton Rd., North Muskegon, Mich. 

Nulsen, Marvin E, (’21;’27) (OHAJBY), Mfrs.’ 
Rep., 838 Kenyon Ave., ‘Indianapolis 1, Ind. 

Nunnally, Major Perkins (’23; 731) (RCBNS), 
Mech. Engr., St. Louis, Southwest. Ry. Lines, 
Pine Bluff, ‘Ark, 

Nunne, Frederick Charles (’44) (CDMN), Ch. 
Engr., Simplicity System Co., Riverside Dr. & 
Sholar Ave., Chattanooga 6, Tenn. 

Nunnelee, Harold Bernard (J’43), 
Trng. Course, Allis-Chalmers Mfg. Co., 
70th, Milwaukee 1; 
West Allis 14, Wiz. 

Nunns, Edgar. Donald (J’42) (ABM), Stress 
Engr., Glenn L. Martin-Neb. Co., Omaha; for 
mail, "7932 State St., Ralston, Neb. 

Nurnberger, Gunther Rudolf (J’42) (NMCZJ), 
Mech. Engr., Sylvania Elec. Products Inc., 83— 
30 Kew Gardens Rd., Kew Gardens, L.I., N.Y. 

Nusbaum, Lee (17), Propr., Pa. Energ. Co., 
1119-21 N. Howard St.; for mail, 315 Carpenter 
Lane, Germantown, Philadelphia, Pa. 

Nusim, Melach Jos, (12) (SBH), Cons. Ener., 
Roots-Connersville Blower Corp., Connersville, 
Ind.; for mail, 416 Cattell, Easton, Pa. 

Nute, Edwin L, (’11;’26) (BOFKSY), Plant 
Engr., Converse Rubber Co., Pearl St., Malden 
48; for mail, 12 Wave Ave., Wakefield, Mass. 

Nutt, vom Gor dont (J’37) (LKW), Designer, 

‘otas On 0: m.3; for matl, Tha F 
Carlsbad, New Mex. ! i nia 

Nutt, Robert E, (J’39), 1st Lt., Ord. Dept., 
Savanna Ord. Depot, Proving Ground, Tl. 

Nutting, Earle McNeil (’37) (BL), 3441 W. 2nd 
St., Los Angeles 4, Calif. 

Nutting, Willard H, (J’38) (BGK), 555 Farlson 
8q., Pittsburgh 6, Pa. 

Nydegger, Paul Fred (21) (CDJMTW), Factory 
oy Singer Mfg. Co., Trumball St., Elizabeth 


Graduate 
1126 S. 
for mail, 1460 §S, 108th Str, 


Nye, Edwin Packard (J’41) (SEA), Instr. in 
Mech. Engrg., Univ. of N.H., Durham, N.H.; 
for mail, 706 "Huntington Ave., Boston, Mass. 

Nye, Robert Gin) (CHMNSZ), Edinboro, Pa. 

Nyffeler, Otto W, (J’31), Locust Ave., Route 3, 
Peekskill, N.Y. 


Nygren, 
Natl. 
Jersey City 5, N.J.; 
Blvd., Staten Island 12, 

Nyquist, David Be odarick, “(5742) (CDS), 45 
Raddin Grove Ave., Lynn, Mass. 

Nystel, Archie C. (J’46), 2935 Flower St., Wal- 
nut Park, Huntington Park, Calif. 

Nystrom, Karl F, (COALS 25; F’45) (ERS), Ch. 
Mech. Officer, Chicago, Milwaukee, St. Paul & 
Pac. R.R. Co., 321 W. Everett St., Milwaukee 3, 
Wis. 

Nystrom, Karl T. (’42; 742) (RC), Asst. V.P., 
Stand. Ry. Equip. Co., 810 S. Michigan Ave., 
Chicago 4, Ill. 


John (’42) (DBNJKL), Mech. Engr., 
Products Refining Co., 902 Garfield Ave., 
ie mail, 76 Eltingville 


Oakes, Wm, H. (’16), Pres., Buerkel & Co., Inc., 
22 Union Park St., Boston, Mass. 
Oakey, William Edgar, Jr. (J’45) (NJM), Devel. 
Engr., Am. Emblem Oo., Inc., Box 116, Utica, 
ve 


Oakhill, Frederic Emery (’43) (CMNLDB), V.P., 
Charge of Mfg., O-Cedar Oorp., 2246 W. 49th 
St., Chicago 9; for mail, 711 Linden Ave., 
Wilmette, Il. 

Oakley, Alfred William (’15;’25) (ODKLZ), 
V.P., Gen. Mer., eee Refrig. Co., 150— 
15th St., Jersey City 2, 

Oakley, Harold Clifford ee 41) (SCLJ), Ensign, 

U.S.N.R., U.S.S. Nashville, CL-43, F.P.0., New 
Work, Nevers 60 Rhoda Ave., Nutley 


10, N.J. 
Oaricys Walter Weckerle (’45) (FKDCLM), Ch. 
dee Corning Glass Works; for mail, 31 E. 4th 

Corning, INES 

Oatley, Warren Briggs, Jr. (J’35) (EFCB), Sr. 
Project Engr., Detroit Diesel Eng. Div., Gen. 
Motors Corp., 13400 W. Outer Dr., Detroit 23; 
for mail, 15820 Wisconsin Ave., Detroit 21, 


Mich. 

Oates, Frank Richardson (’41) (DKOS), Engr., 
Constr. Div., Am. Sugar Refining Co., 120 Wall 
St., New York 5; for mail, 81 Columbia Heights, 
Brooklyn 2, NiY. 

Oatley, Henry Bigelow (’10;F’45) (RKSF), 

Engr., Superheater Co., 60 E. 42nd 

XG 


for mail, 


V.P., Cons. 
S8t., New York LT NG 

Oatley, Henry Clay (30;’37) (EFMOS), Ch. 
Boiler Room Engr., Consltd. Edison Co. of New 
York, Inc., 666—I1st Ave., New York; for mail, 
241-19—87th Ave., Bellerose 6, L.I., N.Y. 

O’Bannon, Lester S. (’22;’35) (LSFEZ), Re- 
search Engr., Agric, Exper. Sta., Univ. of Ky., 
Lexington 29, Ky. 

Ober, George C, (J’40) (ABE), Erieside, Ohio. 

Ober, Philip LeRoy (J’36) (NCBZ), Engr., De- 
sign, Applied Physics Lab., Johns Hopkins Univ., 
8621 Georgia Ave., Silver Spring; for mail, 16 
Cleveland Ave., Takoma Park, 

Ober, Theodore M, (34; ’38) (CAHOSM), 805 
N.E. Portland Blvd., Portland 11, Ore. 

Oberg, David Potter (J’44) (OJMD), Supvr. of 
Planning, Am. Can Co., 499 Alabama St., San 
Francisco; for mail, 147 Birch St., Redwood 


City, Cali ‘a 
3719) (CJM), Treasurer, ’25-’35 ; 


Oberg, Erik (713; 
Editor, Machinery, Indus. Press, 148 Lafayette 
740) (CDMN), Mgmt. 


St., New York 13, N.Y. 

Oberg, Henry V. (’30; 
Ener., Robert Heller & Associates, Inc., 1052 
Union Commerce Bldg., Cleveland 14; for mail, 
16680 Kenyon Rd., Shaker Heights 20, Ohio. 

Obergfell, Howard Herbert (J’41) (MDLNJO), 
Jr. Test Engr., Automatic Elec. Co., 1033 W. 
Van Buren St., Chicago 7; for mail, 617 Clin- 
ton Pl., River Forest, Il. 

Oberhauser, Louis G. (’88) (S), Plant Supt., 
Consumers Power Co., Box 126, Essexville, Mich. 

Oberholtzer, Robert Everett C37; 740) (TCSD 
MN), Ch. Engr., James Lees & Sons Co. & Lees- 
Cochrane Co, Inc., Bridgeport; for mail, 8008 
Brierdale Rd., Philadelphia 28, Pa. 

Oberhuber, Wm, F, (’22;’35) (BJ), Supt. of 
Maint., Philadelphia Elec. Co., 27th & Christian 
St., Philadelphia; for mail, 4103 Chestnut St., 


Philadelphia 4, Pa. 

Obermanns, Henry E, (J’30) (GLW), Paper 
Mill Research, Hammermill Paper Co.; for mail, 
1988 E. Lakeside Dr., Erie, Pa. 

Oberst, Donald Anthony (’34;’44) (NJDOBO), 
Mech. Engr., Design & Drafting, Libbey-Owens- 
Ford Glass Co., Toledo; for mail, 3708 Revere 
Dr., Toledo 12, Ohio 

Oberst, Harry 1h (S41) (CJS), Technician, 5th 
Grade, 13714 Ohatauqua Ave., Cleveland, Ohio. 

Obert, Casin W. (’04;’14) (SLMREB), Cons. 
Engr., Linde Air Products Co., 300 Madison Ave., 
New York 17; for mail, 122 N. Columbus Ave., 
Mts Vernon, N.Y. 

Obert, Edward Fredric (’38;’45) (EBFKN), 
Assoc. Prof. Mech. Engrg., Northwest. Tech. 
Inst. ; for mail, 1204 Noyes St., Evanston, Ill. 

Obrant, Leon Joseph (J’44), 5428 Woodland Ave., 
Philadelphia 438, Pa. 

O’Brien, Charles Francis, Jr. (J’43) (CMO), 1st 
Lt., Army Serv. Forces, Redistribution & Sal- 
vage Officer, Chickasaw Ord. Works, Millington, 


Tenn. 
Donald G. (J’40) (ABS), 


O’Brien, 

LeCato, Audubon, N.J. 

O’Brien, Eugene William (’21; ’27;’31; F’46) 
(SECLO), Manager, ’31-’34, Vice-President, ’34- 
736; V.P., W.R.O. Smith Publ. Co., 1020 Grant 
Bldg., Atlanta 8. Ga. 

O’Brien, Francis R, (64 85) (FKS), 110 W. Mag- 
nolia, Oak Ridge, Tenn. 
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O’Brien, Frank L., Jr. (J’31) (SOM), Co-Owner, 
O’Brien Mchy. Co., 113 N. 8rd St., Philadelphia 
6; for mail, Ithan Ave., Rosemont, Pa, 

O’Brien, George William ae 44), 2840 Castle- 


gate Ave., Pittsburgh 26, 
O’Brien, Isaac Kell (Cais 385, Pur. Dept. Engr., 


Atlas Powder Co., Delaware Trust Bldg., Wil- 
mington 99, Del.; for mail, 40 W. Ridley Ave., 
Ridley Park, Pa. 

O’Brien, James K. (’44), 101 City Line Ave., 
Bala-Cynwyd, Pa. 

O’Brien, James Walter (J’40) (DBS), Partner, 
Firm of ©. Walker, Contractor, Box 258, Route 
2, Germantown, Tenn. 

O’Brien, John E, (’15), Mech. Rep., Association 
of American Railroads, 59 E. Van Buren St.; for 
mail, 7000 S. Shore Dr., Chicago, Ill. 

O’Brien, John Edward (J’44) (JPS), Asst. 
Engr., Pacific Gas & Elec. Co., 245 Market St., 
San Francisco; for mail, 5491 Kales Ave., Oak- 


tand, Calif. 
(J’38), 122 Highland Ave., 


O’Brien, Jos., Jr. 
Jersey City, N.J. 

O’Brien, M. F. (J’36), 827 ees Bldg., 14th 
& K Sts., N.W., Washington, D. 

O’Brien, Morrough Parker Cape 735) (BHK), 
Dean, College of Engrg., Univ. of Calif., Berke- 


ley 4, Calif. 

O’Brien, Patrick J, (J’41) (BJM), 9 Kendall 
Ave., Rutland, Vt. 

Obrig, Adolph (’14) (DH), 
Elev. Co., 1875 E. 6th St., 
mail, 3047 Edgehill Rd., 
Ohio. 

Obst, Charles Vincent (’39;’41) (NMBJSW), 
Engr., Apparatus Devel., Bell Tel. Labs., Inc., 
463 West St., New York; for mail, 109-31— 
135th St., Richmond Hill, N.Y 

O’Callaghan, John (J’25) (DMZK), Plant Supt., 
Lone Star Cement Corp., 1812 Comer Bldg., 
Birmingham 3, Ala 

Ochiltree, Ned A. ” (7°42) (BNAZC), Research 
Engr., Research Labs., Gen. Motors Corp., 485 
W. Milwaukee Ave., Detroit 2; for mail, 8325 E. 
Jefferson Ave., Detroit 14, Mich, 

729) (AEJBC), 


Ochtman, Leonard, Jr, (16 : 37225 
Eclipse- -Pioneer Div., Bendix Avia- 


Sales Engr., Otis 
Cleveland 14; for 
Cleveland Heights, 


Mech. Engr., 
tion Corp., Teterboro ; for mail, 53 N. Monroe 
St., Ridgewood, N.J. 

O’Connell, Raymond Griffin (J’41) (ME), c/o 
Torrington Oo., Torrington, Conn. 

O’Connor, William Donald (’41) (CHMN), Pat. 
Atty., Kearney & Trecker Corp., 6784 W. Na- 
tional Ave., West Allis 14; for mail, 2517 N. 
85th St., Wauwatosa 13, Wis. 

0’ Connor, William John’ (J’ 41) (CR), 115 Pros- 
pect Pl., Rutherford, N.J. 

O’Conor, Frank (33; 46) (BCHLNT), Ch. Engr., 
Tolhurst Centrifugals Div., Am. Mch. & Metals, 
Inc., East Moline; for mail, 1194—27th St., 
Moline, Ill. 

Odbert, John T, (J’28) (FKS), Asst. Ch. Engr., 
Centrifix Corp., 3029 Prospect Ave., Cleveland ; 
ae ee 3562 Riedham Rd., Shaker’ Heights 20, 


One Randolph Theodore (’01;’08) (ABCG), 
Pres., Secy., Providence Lithograph Co., Box 
1266, 353 Prairie Ave., Providence, R.I. 

(ASFCBK), 
Analytical Engr., Pratt & Whitney Aircraft Div., 
United Aircraft Corp., East Hartford 8, Conn. ; 
for mail, 114 N. 5th St., Madison 4, Wis. 

Odell, I, Newton (’43), Gen. Supt., Defender 
Photo Supply Co., Ine., Rochester 3; for mail, 
229 Cobbs Hill Dr., Rochester 10, BY, 

Odell, LeRoy L, (728), 
Bldg., 60 E. 42nd St., New York 17, N.Y. 

Odell, Malcolm Jamieson (J’41) (MYWDRA), 
Dewey & Almy Chem. Co., Cambridge 40, Mass. 

Oden, Curtis Grant (J’38) (CODMW), Enger., 
J. A. Jones Constr. Co., Inc., 209 W. 4th St., 
Charlotte, N.O. 

Odenbach, Robert Charles (J’41) (OMCJBD), 
Treas., Ch. Engr., Odenbach Shipbldg. Corp., 4800 
Dewey Ave., Rochester 12; for mail, 99 Thorn- 
cliffe Dr., Rochester 5, N.Y 

Odenweller, Hugo Franz (3'41) EN: Mech. 
Engr., Selas Corp. of Am., Erie & D St., Phila- 
delphia 34; for mail, 601 Providence Ra” Clifton 
Heights, Pa. 

Odom, Guy Thaine (J’44) (CMDJOW), Mech. 
Engr., Prod., H. P. Smith Paper OCo., 5001 W..- 
66th St., Chicago 88; for mail, 156 N. Oak Park 
Ave., Oak Park, Ill. 

O’Donoghue, John K, ( ee) (ESH), 227 Audubon 
Ave., New York 33, N.Y 

O’Donoghue, Mrs. Victoria (J’41) (SKH), Mech. 
Engr., with J. K. Blum, 205 HE. 42nd St., New 
oe for mail, 227 Audubon Ave., New York 
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Oehrig, Henry Basil (’37), Mech. & Elec. Engr., 
Kahn & Jacobs, Archs., 2 ‘Park Ave. » New York, 
N.Y. 

Oergel, Charles T. (J’29) (ABH), Devel. Engrg., 
Gen. Elec. Co., 920 Western Ave., Lynn; for mail, 
135 Marble St., Stoneham, Mass. 

Oesterle, Arthur Leo (’45) (CSJKRD), Gen. 
Supt., Holston Ord. Works, Army Serv. Forces, 
Kingsport, Tenn. . 

Oesterle, Paul Daniel (’29;’37) (SDFH), Asst. 
Mer., Apparatus Sec., Dravo Corp., 300. Penn 
Ave., Pittsburgh 22; for mail, 185 Marlin Dr, E., 
Pittsburgh 165) Pas 

Oestnaes, Victor L. (’27), Ch. Engr., Am. Gas 
Accumulator Co., Elizabeth; for mail, 905 Sum- 
mit Ave., Westfield, N.J. 
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Oetinger, George, Jr. (J’26) (DMZ), Maj., Ord. 
Dept., U.S.A.; for mail, 200 S. Huntington Ave., 
Boston, Mass. 

Officer, Wesley J. (M’28) (OM), V.P., Blake Mfg. 
Corp., Green St., Clinton, Mass. 

Offner, Walter W. (’45) (HSOA), Managing 
Engr., Partner, Indus. X-Ray Engrs., 420 Market 
St., San Francisco 11, Calif. 

Ofner, Frank Robert (J’41) (EKCFMZ), Indus. 
Salesman, Tex. Co., 8640 N.W. St. Helena Rd., 
Portland ; for mail, 5125 S.W. 49th Dr., Portland 


') 1, Ore. 

_O’Gara, Edward Francis, Jr. (J’44) (FS), Serv. 
| Engr., Combustion Engrg. Co., Inc., 200 Madison 
} Ave., New York 16, N.Y.; for mail, Main Rd., 
* Tiverton, R.I. 

Ogden, Nelson (’14;’35) (CESB), Gen. Mgr., 
Kingsbury Mch. Works, Inc., 4324 Tackawanna 
St., Philadelphia 24 ,Pa. 

Ogden, Paul (J’43) (JBMNKZ), Sr. Engr., Phillips 
Petroleum Co., Bartlesville, Okla. 

- Ogden, Walter Headden (’44) (BJOKYI), Engr., 
Phillips Petroleum Co., 135 S. La Salle St., 
Chicago 3, Ill. 

| Oge, George W. (J’40) (AH), Ensign, U.S.N.R. ; 

__ for mail, 208 Morton St., San Antonio, Tex. 

- Ogg, Donald C. (J’40) (CDM), Capt., 1416 Court 
St., Adel, Iowa. 

Ogle, Emerson Des Forges (J’40) (ABJOC), 
Industry Sec. Supvr.,,.SKF Industries, Inc., Front 
St. & Erie Ave., Philadelphia 34; for mail, 7009 
McCallum St., Philadelphia 19, Pa. 

Ogur, E. (’29;’35) (EFS), Cons. Mech. & Elec. 
Engr., 88 Crescent Terrace, Belleville, N.J. 

O’Gureck, Richard Michael (J’44) (BOM), 686 
Forest St., Kearny, N.J. 

O’Hagan, Rae Selwyn (J’45) (OMY), Co. Mgr. 
& Cons. Engr., Plastic & Diecasting, Ltd., 14 
Hazeldean Rd., Christchurch, New Zealand. 

Ohart, Theodore Charles (’29;’°35;’87) (CO), 
Dist. Engr., Lamp Dept., Gen. Elec. Co., 901 
Genesee Bldg., Buffalo 2; for mail, 250 Bern- 
hardt Dr., Buffalo 21, N.Y. 

Ohgren, Carl Warren (J’43) (BCJMNY), Mech. 
Engr., Swain Nelson Co., Glenview; for mail, 
4954 N. Kilpatrick Ave., Chicago 30, Ill. 

_ Ohler, Ralph Edwin (’44) (CHM), Prod. Mgr., 
Constr. Mchy. Co.; for mail, 1105 Steely St., 
Waterloo, Iowa. 

Ohren, George Albert (A’14) (ASE), Asst. to 
John E. Mackel, Struc. Engr., 234 N. Main St., 
Los Angeles 12; for mail, 5289 Coliseum St., Los 
Angeles 16, Calif. 

O’Keefe, Philip (’42) (FSEH), V.P., Byrne Asso- 
ciates Inc., 80 Wall St., New York 5; for mail, 

: 88 Haven Esplanade, Staten Island 1, N.Y. 

_ Okey, Perry ('16), Owner, Mgr., Okey Mfg. Co., 
: 562 Dennison Ave., Columbus 8; for mail, 765 

Bryden Rd., Columbus 5, Ohio. 

Okner, Bernard S, (34) (ABCNRS), Pres., Indus. 
& Automotive Bearing Co., 1813 N, Clybourn 
Ave., Chicago 10, Ill. 

Oladko, Miss Helen (J’48) (HA), Devel. Engr., 
Purolator Products Inc., 91 Empire St., Newark 


5, NJ. 

Oldacre, William H. (’36) (BCDJMN), Pres., 
Gen. Megr., D. A. Stuart Oil Co., 2727 S. Troy 

; St., Chicago 23, Ill. 

Oldenkamp, Henry A. (’43) (JBCNTH), Devel. 
Engr., Warner & Swasey Co., 5701 Carnegie Ave., 
Cleveland ; for mail, R.F.D. 2, 8360 Sprague Rd., 
Cleveland 9, Ohio. 

Oldham, Edward Lindsay (’19;’35) (ABCGN), 
Ady. Mgr., Cleveland Pneumatic Tool Co., 3781 
E. 77th St., Cleveland 5; for mail, 1512 E, 118th 

3 St., Cleveland 6, Ohio. 

Oldham, Percy Talbert (’80) (JY), Megr., Mar. 
Div., By-Products Steel Corp., Coatesville, Pa. 

Olditch, Frederick William (’17) (SDOH), Re- 

_ tired; Estancia Las Higueritas, Alta Gracia, 

i ¥.0.C.A., Argentina, S.A. 

- Oldright, William (J’41) (AJM), Power Plant 
Design Unit, Boeing Aircraft Co. ; for mail, 1500 
Westlake Ave. N., Seattle, Wash. 

Oldson, Norman P. (J’40) (KSA), Assoc. Engr., 
(Mar.), Bur. of Ships, Navy Dept., Washington 
25; for mail, 1412 Whittier St., N.W., Wash- 

: ington 12, D.C. 

O’Leary, John J. (’80) (CLMBS), Regional Mgr., 
Atmospheric Nitrogen Corp., Ironton, Ohio. 

- O’Lenick, Anthony John (J’45) (NCDBMJ), De- 
signer, Conmar Products Corp., 140 Thomas St., 

; Newark 1; for mail, 162 W. 49th St., Bayonne, 


N.J. 
Oles, Herbert E. (J’40) (HMS), P. R. Mallory & 
Co., Inc. ; for mail, 4923 Graceland, Indianapolis, 


« Ind. 
- Olgardt, Jack Paul (742) (OM), 280 Menlo Oak 
Dr., Menlo Park, Calif. 
Olin, F. W. (A’95), Pres., West. Cartridge Co., 
Fast Alton, Ill. 
Olin, Spencer Truman (’26;’28;’35) (OMDJ), 
: 1st V.P., Olin Industries, Inc., East Alton, Il. 
Olive, R. W. (’29; ’35), Test Engr., Duke Power 
Co., Charlotte, N.C. 
Olive, Theodore Ristine (’81;’45) (LZYKDT), 
Assoc. Editor, Chemical & Metallurgical Engineer- 
: ing, McGraw-Hill Publ. Co., Inc., 330 W. 42nd 
St., New York 18, N.Y. 
Olivenstein, Martin N. (J’41) (AEB), 100 Van 
Cortlandt Pk. S., Bronx 638, N.Y. 
Oliver, Charles Estes (J’39) (SBJ), Mech. Engr., 
|.” Westcott & Mapes, Inc., Archs. & Engrs., 109 
Church St., New Haven; for mail, 53 Haverford 
St., Hamden, Conn. 


Oliver, Ellis William (J’41) (WJE), Lt., 
U.S.N.R., 710 J St., Centralia, Wash. 

Oliver, Frank J, (’22;’28;’85) (NYZMJ), Edi- 
tor, Electrical Manufacturing, Gage Publ. Co., 
1250 Ave. of the Americas, New York 20, N.Y. 

Oliver, Horace G., Jr. (J’35) (OJL), Lt., Asst. 
to Constr. QM., Office of Constr. QM., Pine Camp, 
Great Bend, N.Y. 

Oliver, Owen Norman (J’45) (MNJY), Equip. 
Design Engr., Halliburton Oil Well Cementing 
Co.; for mail, 711 N. 12th St., Duncan, Okla. 

Olivetti, Adriano (J’26), Ivrea, Italy. 

Olivetti, Dino (J’41) (MSA), Mech. Engr., Re- 
search & Devel., Diamond Instrument Co., Wake- 
field; for mail, 54 Abbot St., Andover, Mass. 

Olmstead, Arthur E. (J’38) (SKF), Mar. Serv. 
Engr., Babcock & Wilcox Co., 85 Liberty St., 
New York 6; for mail, 34 Park St., Pulaski, N.Y. 

Olofson, E, Clifford (J’35) (BCOJ), Lt., U.S.N.R., 
59 Shadylawn Dr., Madison, N.J. 

O’Loughlin, William Henry (J’46) (ODM), 215 
Douglas St., Stratford, Ont., Can. 

Olowinski, Edward J. (J’45) (SKB), Research 
Asst., Engrg. Exper. Sta., Pa. State College, 
State College, Pa. 

Olschner, Heinz J. (J’42) (ABFKNS), Mech. 
Engr., 10 Fairway Ave., Belleville 9, N.J. 

Olsen, Clyde Russell (J’45) (MBNOSA), 231 N. 
Ist St. W., Ephraim, Utah. 

Olsen, Gustav Edwin (J’20) (KMCDF), V.P., 
Mer. of Sales, Fitzgibbons Boiler Co. Inc., 101 
Park Ave., New York 17; for mail, 68-09 Beach 
Channel Dr., Arverne, N.Y. 

Olsen, Joseph O, (45) (NOHMBC), Pres., Pro- 
ductioneering Associates, 526 W. State St., Rock- 
ford, Il. 

Olsen, Leroy (J’88), Dept. of Mech. Engrg., 
Carnegie Inst. of Tech., Pittsburgh, Pa. 

Olsen, Olaf LaCour (’24;’41) (EHKL), Owner, 
Firm of 0. L. Olsen, 610—2nd Natl. Bank Bldg., 
Houston 2, Tex. 

Olsen, Robert Arnold (J’42), 833 W. Stadium 
Ave., West Lafayette, Ind. 

Olsen, Robert Carlton (J’44) (CES), 309 Sher- 
wood Pl., Stratford, Conn. 

Olson, Carlton Tropp (J’41) (EFZAM), Auto- 
motive Engr., Research & Devel. Lab., Socony- 
Vacuum Oil Co., Inc., Paulsboro; for mail, 341 
Roosevelt Ave., Pitman, N.J. 

Olson, Donald Richard (J’45) (KSNFAB), Instr., 
Mech. Engrg. Dept., Yale Univ., 400 Temple St., 
New Haven, Conn. 

Olson, Emil (J’29) (MSCF), Supt. of Prod., 
Hawaiian Elec. Co., Ltd., 900 Richards St., Hono- 
lulu, T.H. 

Olson, Ernest William (’29; ’42) (YNLOMS), Ch. 
Engr., Firestone Rubber & Latex Co., 1 Firestone 
Ave., Fall River; for mail, Pearse Rd., Swansea, 


Mass. 

Olson, F, Stuart (J’40), 6 McGrady St., Glen 
Cove, L.I., N.Y. 

Olson, Foster A, (J’88) (CJL), Oper. Engr., N.J. 
Zine Co.; for mail, Horse Head Inn, Palmerton, 


Pa. 

Olson, Geo. D. (’36) (SCF), Ch. Engr., Common- 
wealth Edison O©o., 8400 N. Oalifornia Ave., 
Chicago 18, Ill. 

Olson, Gordon Glenn (J’43) (SKE), Application 
Engr., Allis-Chalmers Mfg. Co., Milwaukee 1; 
for mail, 210 N. 74th St., Milwaukee 13, Wis. 

Olson, Harold Thornton (’44) (CNZM), Engr., 
Renington Rand, Ine., 67—385th St., Brooklyn 
32, N.Y. 

Olson, Malven Leonard (’45) (FLOBK), Sr. 
Engr., Equip. Devel., Prest-O-Lite Co., Inc., Box 
1478, Indianapolis 6, Ind. 

Olson, Martin L. (’14;’19) (ACM), Retired; 81 
West St., Hyde Park 36, Boston, Mass. 

Olson, Mauritz M. (J’40) (NABEJ), Mech. Engr., 
Natl. Advis. Com. for Aero., Langley Field; for 
mail, 239 Raleigh Ave,, Hampton, Va. 

Olson, Peter G., Jr, (J’45) Foreman, Large Tur- 
bine Erection, Westinghouse Elec. Oorp., Lester ; 
for mail, R.F.D. 2, Media, Pa. 

Olson, Raymond G., Jr. (J’44), 707 York Rd., 
Glenview, Il. 

Olson, Reuben M, (J’41) (SBKW), Mech. Engr., 
Naval Ord. Lab., Naval Gun Factory, Washington 
25, D.C.; for mail, 6614 Hillandale Rd., Chevy 
Chase 15, Md. 

Olson, Robert George (’43) (ESHA), East. Mgr., 
Hyd. Coupling Div., Am. Blower Corp., 50 W.: 
40th St., New York 18; for mail, 108 E. 38th 
St., New York 16, N.Y. 

Olson, Robert V. (’29;’85) (OMBTJA), Pres., 
Gen. Mgr., Mossberg Pressed Steel Corp., West 
St., Attleboro, Mass. 

Olson, Theodor M. (J’41) (BEM), Lt. (j.g.), 

4 .; 165 Laurel Ave., North Palo Alto, 
Calif. 


Olson, William Harry Milton (J’38) (CMDN 
EA), Spec. Assignments, Factory Layout, Turbine 
Mfg. Div., Gen. Elec. Co., 1 River Rd., Schenec- 
tady; for mail, 1958 Wabash Ave., Schenectady 
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Olsson, Charles David (J’41) (MNJY), Sales 
Engr., Olsson & Pierce Co,, 111 Broadway, New 
York 6, N.Y. 

Olsson, T, Karl (J’41) (BHJ), Test Engr., Ford 
Instrument Co., 81-10 Thompson Ave., Long 
Island City; for mail, 186-05 Ilion Ave., St. 
Albans 12, N.Y. 

Olt, Richard Greve (’44; 744) (ZMLOJK), Devel. 
Engr., Optron Lab., 2655 Salem Ave.; for mail, 
1819 Ravenwood Ave., Dayton 6, Ohio. 
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Olvany, William James, Jr. (J’43) (EFKS), 
109-40—71st Rd., Forest Hills, N.Y. 

Olver, Albert Stephen (J’29) (APR), Gen. Sales 
Dept., Imperial Oil, Ltd., Imperial Oil Bldg., 
Toronto 1, Ont., Can. 

Olver, Frank Monroe (J’42) (AOJ), Asst. Stress 
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Pitts, Derrell Dick (J’40) (ACEMSF), Capt., 
Supply & Munitions Officer, 527th Antiaircraft 
Arty. Automatic Weapons Bn., San Diego, Calif. ; 
for mail, Grandview, Tex. 

Piuck, Daniel (J’40) (JSYNZB), Devel. 
Kiemac Mfg. Co., 37-48—Glst St., 
wie for mail, 1072—64th St., 


Engr., 
Long Island 
Brooklyn 19, 


Place, Louis Victor, Jr. (J’20) (CDK), Dir., 
Exec. V.P., Manati Sugar ©Oo., 106 Wall St., 
New York 5; for mail, 2 E. 67th St., New 
York 21, N.Y. 
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Place, Oliver (’29;’38) (ODMSJ), Ch. Drafts- 
man, Barber-Greene Oo., 633 W. Park Ave.; for 
mail, Box 594, R.F.D. 3, Aurora, Ill. 

Place, Palmer Bruce (38) (EFKS), Research & 
Devel. Engr., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York 16, N.Y.; for. mail, 
211 N. Germantown Rd., Chattanooga, Tenn. 

Placek, Earl Wayne (J’42) (ABNK), Serv. 
Engr., C & H Supply Co., 2723—1st Ave. §8., 
Seattle ; for mail, 3320 E. Republican, Seattle 2, 


Wash. 

Placey, William Robert (J’42) (CDA), Prod. 
Mer., Melvindale Forge Div., Timken Detroit 
Axle Co., 18500 Visqer Rd., Melvindale; for 
mail, 1815 Dragoon Ave., Detroit 9, Mich. 

Plagwit, Eric (’18) (KCAEFJ), Mgr., Chimney 
Div., Rust Engrg. Co., Clark Bldg., Pittsburgh, 
P. 


a. 
Plamann, John August, Jr. (J’40) (SKF), Oper. 
Engr., Riley Stoker Oorp., 9: Neponset St., 


Worcester, Mass. 
Planck, Carl G., Jr. (J’40), 1st Lt., Pilot, 9th 
Fighter Sqd., 49th Fighter Gp. 5th Army Air 


Force; for mail, 8 Sutherland Ave., Charleston 


9, 8.0. 

Planck, Ivan Albert (J’43) (EFK), Prof. Mech. 
Engrg., Ind. Tech. College, 221 E. Washington 
St., Ft. Wayne 2; for mail, 1913 Drexel Blvd., 
Ft. Wayne 5, Ind. 

Planiol, Andre Paul Eugene (’42), V.P., Stratos 
Corp., Ranger Aircraft Engs. Div., Fairchild 
Eng. & Airplane Corp., Farmingdale; for mail, 


Chichester Rd., West Hills, Huntington, N.Y. 

Plant, Albert Morton (’45) (SOKMFJ), Results 
Engr., United Illum. Co., 510 Grand Ave., New 
Haven 138, Conn, 

Plant, William Albert (’89) (LWODFH), Res. 
Mgr., Abitibi Power & Paper Co. Ltd.; for mail, 
Box 199, Smooth Rock Falls, Ont., Can. 

Plantinga, John Everett (J’44), 1 Sutton Pl. S., 
New York, 

Plapp, Elmer Brauer (719 ; ’25,; °85) (SFEHZB), 
Power & Combustion Ener., Am. Smelting & 
Refining Co., Box 1111, El Paso, Tex. 

Plass, Raymond B. (’25; ’32;’385) (SBKFLZ), 
Ch. Engr., Ray Oil Burner.Co., 401 Bernal Ave., 
San Francisco 12; for mail, 1803 Oxford St., 
Berkeley 4, Calif. 

Plass, Robert H, (’42) (BLT), 986 Broad St., 
Bloomfield, N.J. 

Platou, Felg Stoud (’36) (ABM), Ch. Engr., 
E. W. Bliss Co., Hastings Ave.; for mail, 1911 
Joffre Ave., Toledo 7, Ohio. 

Platt, Barney Spencer (’44) (SKFDEH), Supt. 
Power & Maint., Burroughs Adding Mch. Co.,. 
6071—2nd Ave., Detroit 82; for mail, 15110 
Faust Ave., Detroit 23, Mich. 

Platt, Robert ‘William (J’44) (ABE), Engrg. 
Div., Chrysler Corp., Highland Park; for mail, 
Apt. D-14, 17140—8rd Ave., Detroit 8, Mich. 

Platt, Miss Virginia Provine (J’45) (BHJ), 
8231—48rd W., Seattle 99, Wash. 

Platt, Walter Kennedy (J’45), Ensign, U.S.N.R., 
N.Y. Naval Shipvard, Brooklyn, N.Y.; for mail, 
Marlkress Rd., Haddonfield, N.J. 

Pletta, William Herman (36; ’°45) (SFKH), 
Design Engr., Commonwealth Edison Co., 72 W. 
Adams St., Chicaro 90, Ill. 

Pleyte, Thomas William (J’42) (EZB), Exper. 
Engr., Le Roi Co., 1706 S. 68th St., West Allis; 
for mail, 3928 w. Galena St., Milwaukee 8, Wis. 

Pliner, Norman §, (J’41) (TYACM), Mech, Engr., 
Celanese Corp. of Am.; for mail, Algonquin 
Hotel, Cumberland. Md. 

Plonsker, Maurice J, (’17;’22; 785), Lt. Comdr., 


U.S.N.R., Naval Air Base, Annex 2, Little Oreek, 


Va. 

Plotner, Norman E, (J’40) (ECAN), Mar. Engr., 
Bur. of Ships, Navy Dept., Washington 1, D.C.; 
for mail, 6322—20th Ave., Green Meadows, 
Hyattsville, Md. 

Plum, Charles Robert (J’46) (AEJ),' Installation 
Ener.» Gen. Elec. Co., Box 1858, Seattle 11, 

a 

Plumley, Richard Gardiner (’40) (OMG), 155 
Holmes Ave., Glenbrook, Conn. 

Plummer, Clayton Robert (J’42) (NG), Asst. 
Prof. Engrg. Drawing, Univ. of Tenn., Knox- 
ville, Tenn. 

Plummer, Fred Leroy (’42) (EJBYL), Dir., 
EE Hammond Iron Works, Box 629, Warren, 


a. 

Plummer, Gilbert Ashton (’45), Dir., Ettingshall’ 
Engrg. Works, John Thompson Water Tube 
Boilers Ltd. ; for mail, “Ryndleside,’’ Spring Hill 
Lane, Penn, Wolverhampton, Staffs, England. 

Plummer, Raymond Benton (’39) (BHKDOM), 
Francis Engrg. Oo., Eddy Bldg., Saginaw; for 
mail, 632 Jefferson "Ave., ‘Saginaw 16, Mich. 

Plummer, Richard Wentworth (?44),' 2625: “<0”? 
St., N.W., Washington 7, D.C. 

Plummer, Wade S. (J’ 86), 606 Jewell St., Del- 
mar, Del. 

Plunkett, Brian (37) (CDMTNZ), Supt., Knitted 
Fabrics Div., Celanese Corp. of Am., Cumber- 
land, Md. 

Podell, Odif (J’40) (CLT), Cedar Grove Farm, 
Cedar Grove Rd., Toms River 58 

Podmore, Fred Herboth (’87) (0), Mer., Constr. 
& Maint. Dept., Richfield Oil Corp., 155 W. Wash- 
ington Blvd., Los Angeles 15, Calif. 

Podnossoff, Jules (J’31) (CMKSZO), Charles T. 
Main Award, ’30, Student Award, ’31; Engr., Air 
Conditioning & Refrig. Dept., Internatl. Gen. 
Elec. Co., Ine., 570 Lexington Ave., New York 
ee for mail, 1078 Madison Ave., New York 28, 


Fromage 


Podolsky, John Paul (J’48) (HBNAJM), Tool 
Designer, Westinghouse Elec. Corp., Lester Branch 
P.0., Philadelphia; for mail, 5600 Harley Dr., 
Philadelphia 48, Pa. 

Poel, Harlan James (J’41) (DOCILJ), Tech. 
Sery.. Rep., Explosives Dept., B. I. du Pont de 
Nemours & Co., Nemours Bldg., Wilmington, 
Del. ; for mail, 1142 Underwood Ave., S.E., Grand 
Rapids 6, Mich. 

'Pofahl, Thomas Herman (J’88), Mech. Engr., 
Pipe Line Design, El Paso Natural Gas ©o., 
Bassett Tower; for mail, 1106 BE, Yandell Blvd., 
El Paso, Tex. 


) Poggi, Martin Joseph (J’87) (AHKFC), Installa- 


_ Polivka, Norbert 


tion Engr., Airsupply Co., 5959 W. 8rd St., Los 
Riaeles 80, Calif. ; for mail, 8827 B, Republican 
St., Seattle 2, Wash, 

Pogue, Joseph E, (’21) (AFGY), V.P., Charge of 
Petroleum Dept., Chase Natl. Bank, 18 Pine St., 
New York 5, N.Y. 


Pogue, Roger Boston (J’41) (MKS), Ensign, 
GS. RUSS. St. Louis, F.P.0., San Fran- 
\ cisco, Calif.; for mail, 547 Hawthorn Lane, 


© Winnetka, Il. 
Pohl, Charles Albert (J’48) (NMWDOS), Route 
>» 1, Blaine, Wash. 
Pohl, Richard Gunter (J’44) (BKS), Engr., Leach 
Mfg. Div., Condenser Serv. & Engrg. Co., Hobo- 
ken, N.J.; for mail, 200 W. 70th St., New York 


28, N.Y. A 

Pohle, Hans Albert (J’43) (COY), Territorial 
Mgr., Sonotone Corp., 255 Main St., Pawtucket ; 
for mail, 11 Elmhurst St., Hoxsie, R.I. 

Pohlke, Philip A. (J’29) (LYTKC), Research 
Engr., Hercules Powder Co., for mail, Box 225, 
Hopewell, Va. 

Bepiman, Donald Frederick (J’44) (SKBEFH), 
Technician, 8rd Grade, U.S.A., Manhattan Dist., 
Bks. Area, Oak Ridge, Tenn.; for mail, 2217 
Court St., Saginaw, Mich, 

Polak, Irving P. (J’48) (AKEB), Aero. Engr., 
Naval Air Exper. Sta., Naval Shipyard, Phila- 
delphia 12; for mail, 7091 Forrest Ave., Phila- 
delphia 88, Pa. ‘ 

Boland, Robert Lenwood (J’46), Mch. Design, 
Lufkin Pdy. & Mch. Co., for mail, 401 8, 2nd, 
Lufkin, Tex. 

Polaner, Jerome Lester (J’44) (AKS), Seaman, 
ist Class, U.S.N.R., 417 Clinton Pl, Newark 


8, N.J. ; 

Pole, Lanier A. (J’43), The Old Mill Place, 
Poolesville, Md. 

Polhamus, Edward Charles (J’44), 53804—41st 
St., N.W., Washington, D.O. 

Poliakoff, Rouvime B. (’42) (JMC), Engrg. Con- 
sultant, Associated Fdys. & Mfrs., Inc., 555 W. 
54th St., New York 19, N.Y. : 

Poliakoff, Theodor (J’40) (KL), Designer, I. L. 

; Smidth & Co., 60 E. ee St.; for mail, 86 W. 

188rd St., New York, N.Y. 

Polick, John William (J’41) (MON), Maj., Com- 
manding Officer, Hdq., 1808rd Engr. Regt., A.P.O. 
181, c/o Postmaster, San Francisco, Calif. ; for 
mail, Box 126, Elrama, Pa. 

Poling, Warren D. (J’43) (HLNSZ), Mech. Engr., 
Pittsburgh Plate Glass Co., Barberton ; for mail, 
722 Westerly Rd., Akron 7, Ohio. 

Polivka, Jaro Joseph (’44) (ABH), Cons. Engr., 
609 Hobart Bldg., re era for mail, 1150 
Arch St., Berkeley 8, Calif. 

Teonatd (J’46) (COS), 19038 S. 

50th Ave., Cicero 50, Ill. 

Polk, Albert F. aaa (OMNJD), V.P., Charge 
of Engrg., Sheffield Oorp., 721 Springfield St., 
Dayton 1, Ohio. z 

Pol. Fred E. (J’89) (ADJ), Lt. (j.g.), Y-S.N.R., 
U.S.S. Oneota, AN-85, F.P.0., San Francisco, 
Calif. 

Polk, Gilbert Cameron (’83) (KSHBCL), V.P., 
Secy., Am. Blower Oorp., Box 58, Roosevelt Park 
Annex, Detroit, Mich. 

Polk, Irving (J’48), 214 Morrison Ave., Somerville, 
Mass. 

Polk, Louis F. (’48) (CMZNJA), Pres., Sheffield 
Corp., 721 Springfield, Dayton 1, Ohio. : ; 

Pollak, John Paul (J’42) (MJDYOA), Projec 
Tngr., Atlas Aircraft Products Corp., 405 B. 42nd 
St., New York 17; for mail, 520 BH, 90th St., New 
York 28, N.Y. 

Pollak, Rudolf (’37) (KCOZBS), Ch. Engr., 
Rockefeller Center, Inc., 60 Rockefeller Plaza, 
New York 19, N.Y. 

Pollard, Edw. V. (J’21), Asst. Engr., Gen. Elec. 
©o., West Lynn; for mail, 64 Atlantic St., Lynn, 
Mass. 

Pollard, Edwin E. (J’48) (J), Pollogan Co., 1906 
—6th Ave. 8., Birmingham 8, Ala. 

Pollard, Frank Waterman ('45) (BNZJHS), 
Serv. Engr., Westinghouse Elec. Corp., 420 S. 
San Pedro St., Los Angeles 438, Calif. 

Pollard, Howard B., Jr. (J’88) (SFEDOK), 
Engr., Paul Wright & Oo., Brown-Marx Bldg., 
Birmingham; for mail, 6 Myrtle St., Mobile 17, 
Ala. 

Polleys, Herbert Rhodes (’28) (BYMN), Mech. 
Devel. Engr., U.S. Rubber Oo., Maple 8t., Nauga- 
tuck; for mail, 285 Central Ave., New Haven 15, 
Conn. 

Pollitz, Harold C. (’87) (DEC), Ch. Engr., Iowa 
Mtg. ©o.; for mail, 881—27th St. Dr., S.E., 
Cedar Rapids, Iowa, 

Pollock, Robt. T. (’39), Cons, Engr., 570 Lexing- 

, _ ton Ave., New York, N.Y. 

Polomik, Edw. E. (J’35), 450 Mathilda Ave., 
Sunnyvale, Calif. 
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Polonsky, Abraham (J’48) (NHB), Mch. Tool 
Designer, Lapointe Mch. Tool Co., 84 Tower St., 
Gea for mail, 21 Exchange St., Brockton 12, 
lass. 

Polson, Joseph Albert (’06;'12) (AEFORS), 
Prof, Steam Engrg., Univ. of Ill., Urbana, Ill. 
Polston, John Ray (’45) (HBEK), Mech. Engr., 

Stanolind Pipe Line Oo., Box 591, Tulsa 2, Okla. 

Pomeranz, Robert Edgar (J’43) (MNOAH), 
Devel. Engr., Head, Devel. Dept., Edwards Co., 
Div. of Rogers Diesel & Aircraft Corp. ; for mail, 
Box 796, Sanford, N.O. 

Pomeroy, Charles Ross ('21;’°35) (NBCJM), 
Mch. Designer, E. W. Bliss Co., 1420 Hastings 
St., Toledo 7; for mail, 4213 Westway St., Toledo 
12, Ohio, 

Pomeroy, G. M. (J’19), Sales Mgr., Matthews Mfg. 
Co., 104 Gold St., Worcester, Mass. 

Pomeroy, Morris Hayden (J’42) (AKBHEF), 
1118 Divisadero, Fresno, Calif. 

Pomeroy, Theodore M, (J’35) (NLDMG), Engr., 
Prod, Div., Am. Sugar Refining Co., 120 Wall St., 
New York 5; for mail, 116 Corlies Ave., Pelham 
65, N.Y. 

Pommer, Fredrick Joseph (J’45) (NHMYJC), 
Mech, Engr., Farrel-Birmingham Co., Inc., Main 
St., Ansonia; for mail, 71 High St., East Haven 
12, Conn. 

Pond, Clarence Edwards (’42) (RJFDOB), Asst. 
to Supt. M.P., Norfolk & West. Ry. Co.; for 
mail, 812 Maiden Lane, Roanoke, Va. 

Pond, Henry Otis (’04;’07) (CDMSOF), Indus. 
Engr., Office of Chief of Engrs., U.S.A., Wash- 
ington 25, D.C.; for mail, 4242 N. 2nd Rd., 
Arlington, Va. 

Pond, Leander Norton (’44) (NOBDH), Mgr., 
Mch. Design, Corning Glass Works, Corning, N.Y. 

Pond, Richard K, (J’39) (CMJD), Supvr., Indus. 
Engr., Westinghouse Elec, Corp., 150 Pacific Ave., 
Jersey City, N.J. 

Ponomareff, Alex I. (’26;’82;’85) (HBSAE), 
See. Engr., Pumps & Blowers Div., Westinghouse 


Elec. Corp., Lester; for mail, 148 Ellis Rd., 
Havertown, Pa, 

Pontius, Paul Edward (J’44) (ESFN), Lt. 
Oomdr., (DE), U.S.N.R., Engr. Officer, U.S.S. 


Proteus, AS-19, F.P.0., New York, N.Y. 

Pool, Ralph Y. (’21), Exec., Fla. Power & Light 
Co., Box 8100, Miami, Fla. 

Poole, Edward Milton (J’86) (SEFKRO), Re- 
search Engr., Babcock & Wilcox Co., 85 Liberty 
St., New York 6, N.Y.; for mail, 528 Otterbein 
Ave., Barberton, Ohio. 

Poole, Joe A, (J’46) (EKS), Ch. Engr., Dallas 
Air Conditioning Co., 2809 Canton St., Dallas 1; 
for mail, Apt. 4, 4819 Swiss Ave., Dallas 4, Tex. 

Poor, Albert F., Jr. (J’40) (ABS), 1505 Hill 
Ave., Wilkinsburg, Pa. 

Poor, Hustace Hubbard (J’389) (SFKB), Staff 
Engr., Babeock & Wilcox Oo., 85 Liberty St., New 
York 6; for mail, 112 Park Ave., Yonkers 8, N.Y. 

Poore, Everett Anderson (J’43) (ACS), 39 Inman 
St., Lawrence, Mass. 

Poorman, George Ellmaker (J’86) (ABWYR), 
Draft Design Engr., Bell Aircraft Corp., Niagara 
Falls Blvd., Niagara Falls; for mail, 45 Kenwood 
Ave., Kenmore 17, N.Y. 

Pooser, Arthur Keith (’42) (BHS), Plant Ener., 
Ecusta Paper OCorp., Pisgah Forest, N.C. 
Pope, Charles Linder (’48) (NLBESH), Lub. 
Engr., Eastman Kodak Oo., Kodak Park, Roches- 
ter 13; for mail, 361 Sagamore Dr., Rochester 

AWAIT 

Pope, Clarence James (J’14) (SEFK), Sr. Engr., 
Pub. Utility Comm., 1060 Broad St., Newark; 
for mail, 899 Tremont Pl., Orange, N.J. 

Pope, Harold Linder (’05; ’12) (CDM), 112 New 
Haven Ave., Woodmont, Conn, 

Pope, Howard Louis (’45), Mgr., Engrg. Serv., 
Cincinnati Milling Mch, Oo., Cincinnati; for mail, 
Box 869, Route 10, Kugler Mill Rd., Cincinnati 
27, Ohio. 

Pope, Joseph (’15;’23) (SEOFLH), V.P., Stone 
& Webster Engrg. Corp., 90 Broad St., New York 

ASN ERS 

Pope, Lyman B, (’88) (CMW), Pres., Treas., Pope 
Mchy. Corp., 261 River St., Haverhill; for mail, 
112 S. Park St., Bradford, Mass. 

Pope, Samuel Austin (J’15) (SOE), Pres., Wil- 
liam A. Pope Co., 26 N. Jefferson St., Chicago 
6, Ill. * 

Pope, Samuel Hatch (’45) (JPY), Staff Engr., 
Gulf Oil Corp., Box 661; for mail, 1722 S. 
Columbia P1., Tulsa, Okla, 

bua dh Roman (J’46), 30 Grant Ave., Carteret, 

J 


Poritsky, Hillel (M’45), Cons. Engr., Gen. Elec. 
Co., Schenectady, N.Y. 
Poritz, Julius Louis (J’48) (SKFENH), c/o 
Holleman, 89 W. Francis Ave., Pittsburgh, Pa. 
Porro, Robert Michael (J’48) (C), Engr., Frank- 
ford Arsenal; for mail, 1421 Arch St., Phila- 
delphia 87, Pa, 

Porsche, Charles F, (J’40), 4888 White Plains 
Ave., New York 66, N.Y. 


Porskievies, Anthony Joseph (42) (ACH), 
Engr., Vickers, Inc., 1400 Oakman Blvd., De- 
troit, Mich. 

Porter, David Burr (’16;’25) (CDM), Prof. 


Indus. Engrg., N.Y. Univ., University Heights, 
New York 58, N.Y. 

Porter, George Arthur (’44) (SCFKJN), Asst. 
Plant Engr., Detroit Edison Co., 2000—2nd Ave., 
Detroit 26, Mich. 
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Porter, George Jones (J’37) (SOFC), Test Engr., 
Power Sta., Va. Elec. & Power Co., Reeves Ave., 
Norfolk; for mail, 981 Graydon Ave., Norfolk 


7, Va. 

Porter, H. Hobart (’02; F’41), Chmn., Bd. of 
Dirs., Am. Water Works & Elec. Co., Inc., 50 
Broad St., New York 4, N.Y. 

Porter, Harry Thomas (’41) (HSZ), Owner, 
Harry T. Porter Co., Union Cent. Bldg., Cin- 
cinnati 2; for mail, 6 Sylvan Lane, Wyoming 
15, Ohio. 

James Clifton (J’40) (AEF), Mech, 
Engr., No. Regional Research Lab., University 
& Nebraska Sts.; for mail, 814 N. Glen Oak, 
Peoria, Il. 

Porter, James Harry (’36;’44) (SKERHO), 
Asst. Dean of Engrg., Johns Hopkins Univ., 84th 
& Charles St., Baltimore 18, Md. 

Porter, Lawrence Ashton ('42) (REF), Ch. 
Mech,, Officer, Seaboard Air Line R.R., Granby, 
Norfolk 10; for mail, Algonquin Park, Norfolk 


8, Va. 

Porter, Lloyd Judson (’29; ’35;’°35) (MDNCLS), 
Res. Engr., Travelers Indemnity Co., 26 Crocker 
Bldg. ; for mail, 24 White St., Taunton, Mass. 

Porter, R, Clay (’86) (FKS), Instr. in Mech, 
Engrg., Univ. of Mich., Ann Arbor, Mich. 

Porter, Roy Hiram (’18) (CDES), Cons. Engr., 
N.J. Zine Co., 160 Front St., New York, N.Y.; 
for mail, 462 Columbia Ave., Palmerton, Pa. 


Porter, William Easton (J’46) (KOS), U.S. 
ney 8286 Ardmore Rd., Shaker Heights 20, 
N10, 


Portz, Kenneth Lamont (J’42) (OCJM), Drafts- 
man, Wertz Engrg. Co. Inc., 441 N. 2nd St., 
Reading ; for mail, 216 Philadelphia Ave., Shil- 
lington, Pa. 

Posey, James (’07; 719; ’84) (BEF), Cons. Engr., 
10 TE. Pleasant St., Baltimore, Md. 

Pospisil, Louis John (’20) (SNHKEB), Retired; 
W. 108—17th Ave., Spokane 9, Wash. 

Posse, Ernest W. (J’39) (APT), Capt., Armd. 
Force, U.S.A., Gp. 2, Officers Quarters’ 12, Armd. 
Force Replacement Trng, Center, Ft. Knox, Ky. 

Posselt, Ejnar (CFS) (’07;°13), V.P., Charge 
Engrg. & Pur., Lone Star Cement Corp., 342 
Madison _Ave., New York, N.Y. 

Possner, Louis (J’46) (CEJ), Jr. Engr., Rm. 203, 
Engrg. Design, Univ. of Calif.; for mail, 2317 
Le Conte Ave.,’ Berkeley 4, Calif. 

Post, Arthur Edward (J’39) (BERK), Gas Utiliza- 
tion Supvr., Nassau & Suffolk Ltg. Co., 250 Old 
Country Rd., Mineola; for mail, 104 Kings 
Pkwy., Baldwin, L.I., N.Y. 

Post, Madison (J’39), Capt., U.S.A., Aberdeen 
Proving Ground, Md. 

Post, Nicholas (J’40) (AKEBO), Planning Asst., 
Control Equip. Branch, Equip. Lab., Air Tech, 
Serv. Comd., Wright Field, Dayton, Ohio. 

Postel, Carl Elwood (J’42) (BJOH), Tool De- 
signer, Farmall Works, Internatl. Harvester OCo., 
605—41st St., Rock Island, Ill.; for mail, 2724 
Scott St., Davenport, Iowa. 

Postin, George Daniel (J’44) (JSKEHL), Res. 
Engr., British Am. Oil O©o., Ltd., Box 1120, 
Moose Jaw, Sask., Can, 

Postlewaite, William Rogers (’48), Mech. Engr., 
Stand. Oil Co. of Calif., 225 Bush St., San 
Francisco; for mail, 860 Menlo Oaks Dr., Menlo 
Park, Calif. 

Potter, Andrey A, (’12; F’26; H’45) (SKRFEC), 
President, ’38; Dean of Engrg., Purdue Univ., 
West Lafayette, Ind. 

Potter, Bruce G, (J’40) (BKM), Prod. Engrg., 
Leland-Gifford Co., 1001 Southbridge St., Worces- 
ter 1; for mail, 17 School St., Northboro, Mass. 

Potter, Charles Gaunt (J’41) (REFS), 808 Pine 
St., Pine Bluff, Ark. 

Potter, Erford M. (’17;’35) (SOG), V.P., Ivan 
T. Johnson O©o., Inc., 95 Madison Ave., New 
York 16, N.Y. 

Potter, James Harry (’86;’44) (SKERHO), 
Assoc. in Mech, Engrg., Johns Hopkins Univ., 
84th & Charles Sts., Baltimore 18, Md. 

Potter, James T, (’40) (FLSTWZ), Partner, 
Eshelman & Potter, 814 Wilder Bldg., Charlotte 


2, N.O. 

Potter, John D, (’23; ’25;’85) (ACF), Box 122, 
11 W. Henry St., Linden, N.J. 

Potter, John Robert (J’37) (BOM), Gen. Megr., 
East. Electronics Corp., 41 Chestnut St., New 
Haven, Conn, 

Potter, Linn Edward (J’38) (BDLMNY), Pres., 
Gen. Mgr., Syracuse Spec., Mch. Co., Chimes 
Bldg., Syracuse, N.Y. 

Potter, Philip Arthur (’37) (HOYLJ), Water 
Engr., N.J. Bd. of Pub. Utility Commrs., 1060 
Broad St., Newark; for mail, 156 Sheridan Ave., 
Hohokus, N.J. 

Potter, Philip J. (J’42) (SOEFK), Assoc. Prof. 
Mech. Engrg., Univ. of Kan., Lawrence, Kan. 
Potter, Robert (J’37) (JC), E. W. Bliss Oo., 

Salem, Ohio. 

Potter, William Henry (’42) (OMOJTW), Supvr., 
McClure, Hadden & Ortman, 111 Washington, 
ON 2; for mail, 1585 E. 60th St., Chicago 


sil 

Pottharst, John Emile, Jr. (J’41) (BOEHKS), 
Partner, Gen, Mgr., Ch. Engr., Mech. Equip. Oo., 
861 Carondelet St., New Orleans 18, La, 

Potts, Lawrence Donald (J’38) (BNLK), Re- 
search Engr., Linde Air Products Co., East Park 
Dr., Tonawanda; for mail, 711, Parker Blvd., 
Kenmore 17, N.Y. 

Potts, Matthew William (’42) (CD), 
Handling Consultant, 184 Huguenot St., 
Rochelle, N.Y. 


Matls. 
New 


POTTS 


Potts, William Kenneth (’20;’21;’35) (WHO), 


Partner, Business Mgr., Sills Bros., Box 741; 
for mail, Box 645, Auburn, Calif. 
Poultney, J, Livingston (’08), Retired; Bryn 


Mawr, Pa. 

Powel, Charles Alfred (’48) (EHSC), Mgr., Hdq. 
Engrg. Depts., Westinghouse Elec, Corp., East 
Pittsburgh, Pa. 

Powell, Clarence Earl (’29) (ACHRY), Megr., 
Mchy. Div., R. D. Wood Co., 400 Chestnut St., 
Philadelphia 5, Pa, 

Powell, Clarence Henry (’45) (ABE), Box 19, 
Amityville, N.Y. 

Powell, Eben Morris (A’44), Mgr., York Office, 


Westinghouse Elec. Corp., 187 8. George St., 
York, Pa. ; 
Powell, Edwin Burnley ('04;712) (SFKJEB), 


. Engr., Stone & Webster Engrg. Corp., 49 
Federal St., Boston 7, Mass. 

Powell, Elno M. (J’44), Asst. Dir., Engrg. Cal- 
culating Div., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York 16, N.Y, 

Powell, James Alexander (’27) (DFKOS), Ch. 
Mech. Engr., Stone & Webster Engrg. Corp., 49 
Federal St., Boston 7, Mass. 

Powell, John Aldrich (J’39) (CMJA), Gen. 
Foreman, Gilbert & Barker Mfg. Oo,, Union St. ; 
for mail, 19 Sheridan Ave., West Springfield, 
Mass. 

Powell, John Marvin (J’41) (OSYLA), Tech. 
Engr., Steam Design, Gen. Elec, Co., 920 West- 
ern Ave., Lynn 8, Mass. 

Powell, Knox Archibald (’23 ; 725; *B8) (MONI 
DE), Shop Research Engr., Minneapolis-Moline 
Power Implement Ca, Box 1050, Minneapolis ; 
for mail, 1685 E, River Terrace, Minneapolis 
14, Minn. 

Powell, Morgan A, (J’41), Republic Plant, Vul- 
can Detinning Co., P.O. Branch 25, Pittsburgh, 


Pa. 

Powell, Oliver I, (J’34) (CKL), Dir. of Engrg., 
Brewing Corp. of Am., Cleveland 6, Ohio. 

Powell, Paul Rulison (15; ’23) (NMAC), Mech. 
Engr., West. Elec. Co., Inc., Broening Highway, 
Baltimore; for mail, 205 Stony Run Lane, Balti- 
more 10, Md. 

Powell, Robert James (J’42), 1834 Edgewater, 
Muskegon, Mich. 

Powell, Russell Vernon (J’38) (MDOJTR), De- 
sign Engr., Truitt Mfg. Co., Box T-1; for mail, 
411 Woodlawn Ave., Greensboro, N.C. 

Shannon Curtis (J’41) (SBKJH), Re- 


Powell, 
search Bngr., Research & Devel. Branch, Cent. 
Tech. Dept., Shipbldg. Div., Bethlehem Steel 


Co.; for mail, 29 Edison Park, Quincy 69, Mass. 

Powell, Sheppard Tappen (’39; ¥’44) (SZTK 
LO), Cons. Chem. Engr., 830 N. Charles St., 
Baltimore 1, Md, 

Powell, William, Jr. (J’27) (SZF), Sales Serv. 
Engr., Bailey Meter Co., 403 City Centre Bldg., 
Philadelphia 7; for mail, 429 Greenview Lane, 
Llanerch, Pa. 

Powell, William Thomas (731; ’35) (CMJNEL), 
V.P., Charge of Operas., Emsco Derrick & Equip. 
Co., 6811 S. Alameda St., Los Angeles 1, Calif. 

Power, John Ambrose (’83) (RSEN), Retired; 
8719 Audubon Pl., Houston 6, Tex. ; 

Powers, James Henry (’37) (BCMNJH), Design- 
ing Engr., Gen, Elec. Co., 1285 Boston Ave., 
Bridgeport 2, for mail, R.D. 8, N. Church St., 
Westport, Conn. 

Powers, Louis John (J’42) (NEAB), Prof. Mech, 
Engrg., Tex. Tech. College, Lubbock, Tex. 

Powers, Michael Matthew (J’44) (ABLNMOC), 
V.P., Gen. Mer., P & M Mch. Co., 130-36 Pros- 
pect; for mail, Box 126, 4138 Burg St., Gran- 
ville, Ohio. 

Powers, Ralph D, (J’48) (LAB), Part Owner, 
Megr., Poway Dairy, Box 625, Route 1, Escon- 
didio, Calif. 

Powers, William Joseph (J’44) (F), Lt. (j.g.), 
U.S.N.R., Engr. Officer, LST-475, F.P.0O., San 
Francisco, Calif.; for mail, 66 Price Ave., Lans- 
downe, Pa. 

Poyser, John Reed, Jr. (J’39) (CDMJ), Meth- 
ods Engr., Chain Belt Co., 1600 W. Bruce St., 
Milwaukee; for mail, 6903 W. Wells St., Mil- 
waukee 18, Wis. ‘ 

Poyser, Stanley John (’45) (NKBGWJ), Turbine 
Serv. Engr., Westinghouse Elec, Corp., 3451 E. 
Marginal Way, Seattle: for mail, 12348 Riviera 
Pl., N.E., Seattle 55, Wash. 

Pozarycki, Henry Joseph (J’41) (SMCKAN), 
Lab. Technician, Westinghouse Elec. Corp., Pa- 
cific Ave.; for mail, 372 Bramhall Ave., Jersey 
City 4, N.J. 

Pozniak, Vietor (J’40) (AJM), Supercharger 
Engr., Gen. Elec. Co., 920 Western Ave., Lynn, 


Mass, 

Pradl, George (’80;’37) (CJKLFD), Asst. Megr., 
Canadian Copper Refiners Ltd., Box 489, Place- 
D’Armes Sta., Montreal; for mail, 4896 Cool- 
brook Ave., Montreal 28, Que., Can. 

Prageman, Irving Henry (’26;’85) (ABCHMN), 


Prof. Mech. Engrg., Univ. of Me.; for mail, 
Box 178, Orono, Me, 
Prager, William (’43) (BZA), Prof. Applied 


Mechanics, Brown Univ., Providence 12, R.I. 
Pragst, Ernest (’28) (SHIEK), Elec. Engr., Inter- 
natl. Gen, Elee. Co., Inc., Schenectady 5, N.Y. 
Prandoni, Joseph Francis (’42) (BNSRO), Mech. 
Engr., Gen. Spring Corp., 500—5th Ave., New 
York 18, N.Y.; for mail, 121 Oakland St., Engle- 
wood, N.J. 

Praner, Joseph Alexander (’82; ’43) (CMO), 327 
Tremont Ave., East Orange, N.J. 


Prange, Charles Henry (’19; ’23;’35) (CJMYA), 
V.P., Austenal Labs., Inc., 224 E, 39th 8t., New 
York 16, N.Y. 

Prass, Herman (’26;’89) (KLNSZD), J. O. Ross 
Engrg. Corp., 850 Madison Ave., New York 17; 
ces 75 Prospect Park, 8.W., Brooklyn 15, 


N.Y. 

Prather, James Carter (’44) (CJMOBD), Operas. 
Supt., Rich’s Ine., Box 4539, Atlanta 2; for mail, 
663 Yorkshire Rd., N.E., Atlanta, Ga. 

Pratt, Auguste G. (’15) (CFS), Pres., Babcock & 
Wilcox Co., 85 Liberty St., New York 6, N.Y.; 
for mail, 845 Walnut St., Englewood, N.J. 

Pratt, Biil Robinson (J’41) (JKM), 803—10th 
St., Perry, Okla. 

Pratt, Charles A, (’27) (CFH), Hotel Sherry, 
1725 B, 58rd St., Chicago 15, Il. 

Pratt, J. H. (’18;’40) (CMJF), Liquid Carbonic 
Corp., 8100 8. Kedzie Ave., Chicago 23, Il. 

Pratt, Orville R. (’42) (KFHS), Ch. Mech. Engr., 
U.S. Supply Co., 901 Farham St., Omaha 8; 
for mail, 5519 Mason St., Omaha, Neb. 


Prable, Norman H, (’29) (CDJ), Exec. Asst., 
Detroit Harvester Co., 5450 W. Jefferson St., 
Detroit; for mail, 471 Rivard Blvd., Grosse 


Pointe, Mich. ‘ 

Prechtel, William Richard (J’45) (BJY), Engr., 
Gates Rubber Co., 919 S Broadway; for mail, 
720 Columbine St., Denver, Colo. 

Preising, William Joseph (’45) (BJN), Product 
Designer, B. F. Avery & Sons Co., 1721 S. 7th St., 
Louisville 8, Ky. 

Prendergast, Wm, A. (J’35) (MR), Mech. Engr., 
Research Labs., Tex. Co., Beacon; for mail, 
P.O. Box 842, Fishkill, N.Y. 

Prentice, Donald Bishop (’13;’21;’24) (OMS), 
Pres., Rose Poly. Inst., Terre Haute, Ind. 

Prentiss, John H. (J’48) (OCNMAJ), Gen. Part- 
ner, Engr., John H. Prentiss & Associates, 26 W. 
58th St., New York 19, N.Y. 

rib a Otis (’48), 1156 E. 38th St., Brooklyn, 


Presby, Leroy Quinby (’20) (BGSAY), Supt., 
V.P., Am. Stay Co., 299 Marginal St., East 
Boston 28; for mail, 50 Trenton St., Melrose 76, 
Mass. 

Prescott, Harold Edward (’42) (KLM), Ch. 
Engr,, Golden State Co. Ltd., 425 Battery St., 
San Francisco, Calif. 

Prescott, Perley Ralph (’18) (CDFKL), Megr., 
Solvent Mfg. Co., 490 High St.; for mail, 605 
Beech St., Holyoke, Mass. 

Prescott, Robert William (J’42), Box 36, Kittery 
Point, Me. 

Presdee, John James (’26;’85) (BCFSKY), 
Squad Leader, Engrg., Combustion Engrg. Co., 
Inc., 200 Madison Ave., New York 16; for mail, 
88 Maple Ave., Tuckahoe 7, N.Y. 

Presedo, Joseph (J’42) (BSMN), Pvt., QM. Corps, 
9188th Tech. Serv. Unit, QM. Bd., Camp Lee, 
Va.; for mail, 212 Clinton St., Brooklyn 2, N.Y. 

Pressey, Ralph Warwick (’40), Ch. Engr., Pa. 
Hospital for Mental & Nervous Diseases, 11 N. 
49th St., Philadelphia 39; for mail, Ashley Farm, 
Newton Square, Pa. 

Preston, Charles Henry (J’41) (CMJN), Papec 
Mch. Co.; for mail, Box 242, Shortsville, N.Y. 
Preston, Ely (J’40) (NMJSAE), Mech. Designer, 
Submarine Sig. Co., 178 Atlantic Ave., Boston ; 
for mail, 284 N. Beacon St., Watertown 72, Mass. 
Preston, Everett August (’44) (BKMNR), Ch. 
Engr., Wilson Engrg. Corp., Rm. 1109, 122 S. 

Michigan Ave., Chicago 8, Ill. 

Preston, Frank W. (J’25) (SDF), Plant Engr., 
New Haven Pulp & Bd. Co., 259 East St., New 
Haven 8, Conn. 

Preston, Frederick William (J’44) (ARSE), Test- 
ing Engr., Gen. Elec. Co., 1 River Rd., Schenec- 
tady 1; for mail, 1030 Keyes Ave., Schenectady 


8, N.Y. 

Preston, Herbert E. (’23) (FHS), Retired; 1053 
Allengrove St., Philadelphia 24, Pa. 

Preston, Walter Bonham (’28;’34;’85) (LDS 
CEH), Mgr., Mech. & Mun. Depts., Tex. Gulf 
Sulphur Co., Newgulf, Tex. 

Pretot, Armand V. (’25;’32;’35) (CKJ), Mar. 
Dept., Johns-Manville Corp., 22 E. 40th St., New 
York 16, N.Y. 

Preusser, Henry Miner (J’40) (ZLYB), Assoc. 
Indus. Technologist, West. Regional Lab., U.S. 
Dept. of Agric., 800 Buchanan St., Albany; for 
mail, 1187 Grizzly Park Blvd., Berkeley 8, Calif. 

Prian, Vasily D, (’84;’41) (LOMN), Acting 
Head, Mech. Engrg. Dept., Fenn College, E. 24th 
St., Cleveland 15, Ohio. 

Pribuss, Rudolph Carl (J’41) (CKM), Htg. Engr., 
C. R. Reichel Engrg. Co., 718 Natoma St., San 
Francisco 3; for mail, 25 Hilltop Rd., San Mateo, 


Calif. 

Price, Albert M. (’99; 704), Retired; 159 Sea- 
spray Ave., Palm Beach, Fla. 

Price, Beverley Charles (J’45), Indus. Div., 
Timken Roller Bearing Co., Canton 6; for mail, 
1508—27th St., N.W., Canton, Ohio. 

Price, Charles Grattan, Jr, (J’40) (ROFD), 279 
Newman Ave., Harrisonburg, Va. 

Price, Donald Jay (J’41) (RCANH), Westinghouse 
Air Brake Co.; for mail, Box 631, Wilmerding, 


Pa. 

Price, F, Carr (’32; ’85) (LCDKSZ), Plant Engr., 
Victor Chem. Works, 11th & Arnold Sts.; for 
mail, 1125 Campbell Ave., Chicago Heights, Ill. 

Price, Floyd Ure (’21;’35) (FHS), Sales & Serv. 
Engr., Rep., Peerless Pump Div., Inc., Dayton- 
Dowd Co. & Stock Engrg. Co., 2970 W. Grand 
Blvd., Detroit 2, Mich. 
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Price, Gerald L. (’45) (OCDKLB), Asst. Civil 
Engr., Natl. Aniline Div., Allied Chem. & Dye 
Corp., 1051 S. Park Ave., Buffalo; for mail, 619 
Elmwood Ave., Buffalo 9, N.Y. 

Price, Harry (J’31), Maj., 390th Bomb Gp. (H), 
A,P.O. 559, c/o Postmaster, New York, N.Y. 

Price, James William (J’33) (KCHFB), Ch. 
Engr., Pa. Indus. Engrs., Fulton Bldg., Pitts- 
burgh 22; for mail, 537 Hamilton Rd., Pitts- 
burgh 5, Pa. 

Price, Joseph (’28) (BK), V.P., Charge of Engrg., 
Griscom-Russell Co., 285 Madison Ave., New 
York 17, N.Y. 

Price, Leonard Cassell (’27;’81) (EAR), Prof. 
ee Engrg., Mich. State College, East Lansing, 

ich. 

Price, Lewis (’24;’85) (DJM), Engr., Charge 
Design, Shepard Niles Crane & Hoist Corp., 
Schuyler St., Montour Falls, N.Y. 

Price, M. Lawrence (J’44) (NBHJM), Prof. Mch, 
Design, Worcester Poly. Inst., Worcester 2, Mass. 

Price, Morton M. (’21) (BEFKS), Dist. Sales 
Mgr., Babcock & Wilcox Co., 1120 Packard Bldg., 
Philadelphia 2, Pa. 

Price, Norman I, (’02; ’21), Price, Martyn & Co.; 
for mail, Box 255, G.P.O., Sydney, New South 
Wales, Australia. 

Price, Oleg A. (J’43) (NEBS), Mar. Engr., U.S. 
Maritime Comm., War Shipping Admin., 1081 
Dexter Horton Bldg., Seattle 4; for mail, 3519 
E. 90th, Seattle 5, Wash. 

Price, R. B. (J’42) (DCM), Box 1585, Oakland 4; 
for mail, 681 Sycamore St., Oakland 12, Calif. 
Price, Samuel Robert, Jr, (J’44), Engr., Inger- 
soll-Rand Co., 11 Broadway, New York 4, N.Y. 
Price, Towson (’25 )(JRDYKO), Pat. Atty., West- 
inghouse Elec. Corp., Bloomfield; for mail, 44 

Stanford Pl., Glen Ridge, N.J. 

Price, Wayne Keith (J’45) (SBKOEA), Trng. 
Engr., Allis-Chalmers Mfg. Co., Milwaukee; for 
mail, 1306 S. 75th, West Allis 14, Wis. 

Price, William David (J’31) (ACG), Lt. Col., 
Army Air Forces; for mail, Box 248, Blacks- 


burg, Va. 

Price, William L, (J’42), Asst. to Field Engr., 
Boat Yard, Dravo Corp., Neville Island, Pitts- 
pure; for mail, 411 Maryland Ave., Oakmont, 


a. 

Price, William Smith (A’45), Master Tech. Sgt., 

U.S.M.C., 277 Butler Dr., 8., Midway Park, Camp 
Le Jeune, N.C. 

Priedeman, George Walter (’21) (CJM), Pres., 
Treas., Minneapolis Ornamental Iron Co., 143— 
27th Ave., 8.E., Minneapolis 14, Minn. 

Priestman, Leslie Ernest (J’42) (CJMN), Indus. 
Engr., Towle Mfg. Co,, 260 Merrimac St.; for 
mail, 433 Merrimac St., Newburyport, Mass. 

Priff, George N. (J’42) (ABEFSO), Field Serv. 
Engr., East. Aircraft Div., Gen. Motors Corp., 
Edgar Rd., Linden; for mail, 351 W. Clay Ave., 
Roselle Park, N.J. 

Prigozen, Harold Samuel (J’41), Inspr., Grum- 
man Aircraft Engrg. Oorp., Bethpage; for mail, 
261 Central Ave., Lawrence, L.I., N.Y. 

Primrose, John (’07) (EFKSZ), Vice-Chmn. of 
Bd., Foster Wheeler Corp., 165 Broadway, New 
York 6, N.Y. 

Prince, David Chandler (’41) (AORS), V.P., Gen. 
Elec. Co., 1 River Rd., Schenectady 5, N.Y. 

Prince, David Chandler, Jr. (J’45) (AEK), De- 
sign Engr., Gen. Elec. Co., 920 Western Ave., 
Lynn; for mail, 2 Union St., Marblehead, Mass, 

Prince, Duffield (’16) (KPS), Designing Engr., 
Frank Heater Inc., Paterson; for mail, 188 Belle- 
vue Ave., Upper Montclair, N.J. “ 

Prince, Jerome Seymour (J’33) (DFO), Lt. Col., 
Ord. Dept.; 8155 Grand Concourse, New York 


58, N.Y. 
Princi, Mark Anthony (’46) (ALZ), Design Engr. 
Gen. Elec. Co., 40 Federal St., West sete Mies: 
Pringle, Edward Squire (’39;’41) (NOWMB), 
ee Engr., J. G. Wilson Corp., Box 599, Norfolk 


vise 

Prior, John Alexander (’24;’35) (BA), Assoc. 
Prof. Mech. Engrg., Mech. Engrg. Dept., Univ. of 
Pa., 33rd & Locust St., Philadelphia 4; for mail, 
5047 Hazel Ave., Philadelphia 438, Pa. 

Pritchard, Eugene Roussell (J’42) (ACSJ), 1733 
W. 105th St., Chicago 48, Ill. 

Pritchard, Frederick Arthur (’38;’48) (LNZ), 
Specialty Engr., Bristol Co., Bristol St., Water- 
bury 91, Conn, 

Pritchard, John Franklin (’23) (EKLS), Pres., - 
J. F. Pritchard & Co., 2200 Widelity Bldg., 
Kansas City 6, Mo. 

Pritchard, Willis Brown (J’40) (MJOZ), Time 
Study Engr., Am. Optical Co., Eggert Rd., 
ra a: for mail, 867 Millicent St., Buffalo 15, 


Pro, George M. (’88;’45) (NMOJ), Vendo Oo., 
1907 Grand Ave., Kansas City; for mail, 8425 
Lee Blvd., Kansas City 5, Mo. 

Probst, Joseph Rother (’35;’46) (TONLMS), 
Project Engr., E. I. du Pont de Nemours & Co., 
Du Pont Blvd.; for mail, 720 Highland Ave., 
Waynesboro, Va. 

Prochazka, Frank John (’45) (CEH), Design 
Engr., Racine Tool & Mch. Co., 1760 State St. ; 
for mail, Box 854-A, Route 1, Racine, Wis. 

Proctor, George Nelson (’26;’80;’35) (OMN 
JH), Mgr. of Mfg., Permutit Co., 380 W. 42nd 
St., New York 18, N.Y.; for mail, 44 Chestnut 
Rd., Verona, N.J. 

Proctor, Redfield (’05; A’06), Pres., Vt. Marble 
Co., Proctor, Vt. 


' Profita, 
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Proctor, Wm. E. (A’22), Pres., Proctor Engrg. 
Co., 106 Key Highway, Baltimore, Md. 

Proescholdt, Walter H. (’37) (DEFLS), Asst. 
Ch. Engr., Quaker Oats Co., 141 W. Jackson 
Blvd., Chicago 4; for nfail, 4146 Ellington Ave., 
Western Springs, Ill. 

Proffitt, Russell P, (’380) (ACMS), Chicago Div. 
Mgr., Timken Roller Bearing Co., 2534 S. Michi- 
gan ‘Ave., Chicago 16, Ill. 

Joseph Carl (J’ 45) (CMN), Research 
Staff Mem., Turbo Lab., Bldg. 81-A, Mass. 
Inst. of Tech., 77 Massachusetts Ave., Cam- 
bridge; for mail, 20 Malvern Ave., West Somer- 
ville 44, Mass. 

Prohammer, Frederick George (344), Graduate 
Asst., Univ. of Pa., Philadelphia, Pa.; for. mail, 
646 St. Ann’s Ave.. New York 55, N.Y. 

Prohaska, James John (J’38) (LMD), Devel. 
Engr., Swift & Co., Union Stock Yards, Chicago ; 
for mail, 12283 S. 75th St., Palos Heights, Ill. 

Prohaska, Raymond Joseph (J’43) (SBAHEF), 
1st Lt., Corps of Engrs., U.S. Engr. Office; for 
mail, 815 W. Lead, Albuquerque, New Mex. 

Prohl, Melvin Albert (J’43) (BNSJ), Engr., Gen. 
Elee. Co., 920 Western Ave., West Lynn 3; for 
mail, 28 Sunset Rd., Stoneham 80, Mass. 

Proper, Anthony F. (J’37), Lt., 2nd Sig. OCo., 
(Depot), Ft. Lewis, Wash. 

Propper, Clayton Harwood (’46), Pres., Propper 
Products Co.; for mail, 458 Rockwell St., Kent, 


Ohio. 

Prosser, Jos. G. (’91;’98), 865 S. Grand Ave., 
Pasadena, Calif. 

Prosser, Robert Gordon (J’44) (CMKOW), Sales 
Engr., Trane Co., 850 Cromwell, St. Paul 4; 
for mail, 4028 Upton Ave. S., Minneapolis 10, 


Minn. 
Prosser, Roger D. (’30;’35) (WJMNZ), Propr., 
New York 


roms Prosser & Son, 120 Wall St., 

Prostrednik, Eugene Joseph (’44) (COMNBD), 
Ch. Engr., Mch. & Tool Designing Co., 1011 
Chestnut St., Philadelphia 7; for mail, 920 
Fanshawe St., Philadelphia 11, Pa. 

Protiva, Albert William (J’43), Irving, Kan. 

Prout, Ed. R. (J’39) (SMC), Asst. Effic. Engr., 
San Diego Gas & Elec. Co., 6th & E Sts., San 
Diego 12, Calif. 

Prouty, Frank Harrison (’25; ’42;’F’45) (CFO 
RSZ), Manager, ’37-40, Vice President, ’40-’42; 
Partner, Prouty Bros. Engrg. Co., 10th Floor, 
Exch. Bldg., Denver 2, Colo. 

Prowell, Roy Walters (45) (HBSEFK), Asst. 
Prof. Mech. Engrg., cae. Daan of Tech., 
Schenley Park, Pittsburgh 13, 

Prudden, Norman P, (J’39) (BOS), 115 Radford 
St., Yonkers 5, N.Y 

Prudden, Orrin Dwight (786; 745) (SFEZLD), 
Supvr. Power Plants, Gen. Cable Oorp., 
Washington St., Perth Amboy; for mail, 53 
Martin Terrace, Woodbridge, N.J. 

Prudden, Peter Danforth (J’42) (CJM), Lt., 
U.S.N.R.; 1 Sutherland Rd., Montclair, N.J. 
Pruden, Worrell Franzoni (746) (CJM), Ch. 
Engr., Consltd. Steel Corp., aye oper East 

Los Angeles Branch, Los Angeles, Oali 

Prud’Homme, John ‘Worsley (J3’37) i RB03), 
Engr., Shell Devel. Co., 4560 Horton St., Emery- 
pont for mail, 510 Colusa Ave., El Cerrito, 


Pruitt, Ralph 8. (’26;'82;'’85) (SFEZHD), 
Mgr., Mech. Dept., C. ag Guest & Sons, 129 
Sharpe St., ‘Anderson, §.C 

Prupis, Robert Irving (eu 46) (BMTC), Project 
Engr., Conmar Products Corp., 140 Thomas St., 
Newark 1; for mail, 202 Orange Ave., Irving. 
ton 11, N.J 

Prussing, Rudolph Ernst (’15) (DRS), 20 E. 
Cedar St., Chicago 11, Ill. 

Pryde, David Russell (J’45) (SKFOCA), Mech. 
Engr., Maint. Sec., Pittsfield Works, Gen. Elec. 
Co., 100 Woodlawn Ave.; for mail, 45 Ridge 
Ave., Pittsfield, Mass. 

Pryor, Fred’k L. (’00;’06), Cons. Engr., 5 Colt 
St., Paterson, N.J. 

Ptacek, Frank (J’42) (GMS), 
Yarnall-Waring Co., 102 E. Mermaid Lane; for 
mail, 224 W. Durand St., Philadelphia, Pa. 

Puck, Richard Fosmark (J’40) (ASK), Project 
Engr., Autoflight Instruments Div., G. M. Gian- 
nini & Co., 161 E. California St., Pasadena, 
Calif. 

Puckett, Harvey R. (J’39), 1701 University Ave., 
Madison, Wis. 

Puder, William C. (’37) (LKEFDM), Research 
& Devel. Labs., Socony-Vacuum Oil Co., Inc., 
Paulsboro, N.J. 

Puffer, Samuel Ray (’45) (ABE), Aircraft Gas 
Turbine Engrg. Div., Gen. Elec. Oo., River 
Works, 920 Western Ave., West Lynn, Mass. 

Pugh, Achilles Henry (A’16) (ABCG), Pres., 
A. H. Pugh Ptg. Co., 400 Pike St., Cincinnati 2, 
Ohio. 

Pugh, Geo. A. 
N. Phelps St.; 
Youngstown, Ohio. 

Pugsley, Charles Silvey, Jr. (J’87) (CKZ), Gp. 
Head, Engr. Dept., La. Div., Stand. Oil Co. of 
N.J., Box 551, Baton Rouge’ 1, La, 

Pugsley, ‘William Henry (’40) (CFLZ), Mer. of 
Enegrg., Hays Corp., Box 299, E. 8th St.; for 
mail, 324 Deweys St., Michigan City, Ind. 


Mech, Engr., 


(19) (BJM), Cons. Engr., 
for mail, 221 Overhill Rae 


Puidokas, Stanley Victor (J’46) (ABC), Lt. 
(j.g.), U.S.N.R.; for mail, 4806—20th Ave., 
Kenosha, Wis. 


Puishes, Alfons (J’80) oe Procter & Gamble 
Mfg Co., Staten Island 3, 

Pulito, Dominick Mark ea 48) eee Ensign, 
U.S.N., 142nd Naval Constr. Bn., F.P.0O., San 
Francisco, Calif. ; for mail, 1154 Glenmore Ave., 
Brooklyn 8, LY. 

Pullar, William Rorke (’45) (SKFZO), Tech. 
Mgr., J. W. Dodds Pty. Ltd., 612 Collins St., 
Melbourne, C. 1, Victoria, Australia. 

Puller, George (’19;’85), 82 Park Ave., Port 


Washington, L.I., N.Y. 

Pulley, Frank L., Jr. (J’44) (KNHBZ), Engr., 
Devel. Dept., Carrier Corp., 300 S. Geddes St., 
Syracuse 1; for mail, 412 Greenwood Pl., Syra- 
cuse 10, N.Y. 

Pumphrey, Keith Franklin (J’45), Welding 
Engr., Big Three Welding Equip. Co.; for mail, 
1300 Thomas Pl., Ft. Worth, Tex 

Punnett, Frazer "Doughty 3) (NB), Mch. 
Designer, Gleason Works, 1000 University Ave., 
Rochester ; for mail, 200 Elmcroft Rd., Rochester 


ET Oy aN 

Punta, Ralph Charles, Jr. (J’45) (MOCARD), 
Plant Layout Engr., Electro-Motive Div., Gen. 
Motors Corp., La see id mail, 3636 N. St. 
Louis Ave., Chicago 18, 

Punton, Charles Cas), TOAMY), Works Mgr., 
Mine Safety ‘Appliances Co., 201 N. Braddock 
Ave., Pittsburgh 8, Pa. 

Purcell, Thomas Edward (’38) (SFCE), Vice- 
President, ’42-’48; Gen. Supt., Power Stas., 
Duquesne Light Co., 435—6th Ave., Pittsburgh 


19, Pa. 

Purdie, David James (’21;’85) (HLS), Dist. 

Poesy Megr., Builders-Providence Inc., 20 Vesey 
New York 7, N.Y.; for mail, 75 Personette 
res ., Verona, N.J. 

Purdum, Ward Cumberland To 45) (SNCHBA), 
Engrg. & Exec. Officer, U.S.N.R.; for mail, 520 
8. Scott St., New Orleans 19, La, 

Purdy, Albert Arthur (J’41) (NMLZJB), Mech. 
Engr., Jackson & Moreland, Park Square Bldg., 


ae 16; for mail, 78 Safford St., Wollaston 
') ass. 
Purdy, Donald Frederick (’22;’25;’33) (ABO 


EFH), Box 180, Route 1, Orange Cove, Calif. 

Purdy, Frank Albert (J’44) (BFSNLA), Engr., 
Asst. to Mar. Engr., Ore. Shipbldg. Corp.; for 
mail, 7084 N. Wilbur Ave., Portland 8, Ore. 

Purdy, Henry T, (’09), Mgr., Power of Atty., 
H. T. Purdy, Ine., Box 750, San Jose, Costa 
Rica, C.A. 

Purdy; Jas. B. (J’39), Test Engr., Weirton Steel 
Co., Weirton; for mail, 300 Mildren Ave. ., Hol- 
lidays Cove, W.Va. 

Purdy, John L. (J’ 35) (BJS), Welding Foreman, 
Buckeye Steel Castings Co., S. Parsons Ave., 
Columbus; for mail, 1833 W. Ist Ave., Colum- 
bus 8, Ohio. 

Purdy, Randell B. (’25;’82) (ENS), Engrg. 
Editor, Socony-Vacuum Oil Co., Inc., 26 Broad- 
way, New York 4, N.Y.; for mail, "176 Beech- 
wood Dr., Packanack Lake, N.J 

(én 38). (BCD), Capt., 


Purdy, William F,., Jr. 
Ord. Dept., U.S.A., Detroit Ord. Dist., Detroit, 
Mich.; for mail, 122 Alnwick Rd., Malverne, 


|B fee N. 

Purinton, Dexter Jennison ld (ACM), 124 E. 

24th St., New York 10, N.Y. 

Purinton, Forrest Granville (24) (NMCB), Re- 
search Engr., Pat. Button Co., Brown St., Water- 
bury 88, Conn. 

Purkayastha, Promode Behari (’45), Ch. Inspr. 
of Boilers, Govt. of Assam; for mail, Laitumkhra, 
Shillong, Assam, India. 

Pursel, Harold R. (’21;’26;’35) (ONKHAB), 
Univ. Club, 16th & Locust Sts., Philadelphia 2, 


Pa. 

Pursell, William Updyke (’45) (RCEFOH), 
Equip. Engr., Lane Constr. Oorp., 37 Colony St., 
Meriden 1, Conn 

Purves- Smith, Claude Dale (43) (BHCM). 102 
eae Blvd., Berkeley 3, Calif. 


Purvin, B. R, (44) (BHM), 2221 Atkinson, De- 
troit 6, Mich. 
Purvis, ‘Edward D, (J’42), York & Jay Sts., 


Brooklyn, N.Y. 

Pusnikas, Kazys Anthony (’28; 
Engrg. & Design, Natl, 
Ave., Maspeth; for 


785) (CDJMN), 
Can Corp., 5208 Grand 

mail, 85-09—88th St., 
Woodhaven 21, L.I., 


N.Y. 

Putman, Raymond 8, (J’38) (B), Jr. Engr., 
Drafting, Naval Gun Factory, 11th & M Sts., 
8.E.; La bi 2955 Carlton Ave., N.E., Wash- 
ington, 

Putnam, Abbott Allen (J’42) (EKBAHN), Mech. 
Engr., Natl. Advis. Com. for Aero., Langley 
Field; for mail, 219 Regent St., Hampton, Va. 

Putnam, James Russell (718) (MNZJS), Dir. of 
Engrg., U.S. Time Corp., 81 Cherry Ave., Water- 
bury 91, Conn. 

Putnam, John A. (45) (ABKZAE), Asst. Prof. 
Mech. Engrg., Univ. of Calif., Berkeley 4, Calif. 

Putryae, Edward Joseph (42) (REACG), 1st 
Lt., 716th Ry. Opera. Bn., Ft. Sam Houston, 


ae ee mail, 651 Orizaba Ave., San Francisco 
putt 9 "rilliam (J’39) (CBMJDN), Ch. Engr., 
Asst. ‘Gen. Mgr., Hahn Motors, Inc., 400-60 3 


8rd; for mail, RD. 8, 688 N. 5th, Hamburg, Pa. 
Putz, ‘Thomas John (J’46) (RSCB), Steam Div., 
Se gtk Elee. Corp., Lester P.O., Philadel- 


ph Pa. 
Putzar, Ralph David (’39) (BCKNZ), Asst. 
Mchy. Supt., United Engrg. Co., 500 Beale St., 


San Francisco ; for mail, 382 Perkins St.. Oak: 


land 10, Calif, 
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Pyeatt, Frederick Ewing, Jr. (45) (HEOM), 


Ch, Engr., Mid-Continent Pipe Line Co., Box 381, 
Tulsa 2, Okla. 

Pyle, Ross 8, (J’41) (BMZA), Mech. Design 
Engr., Collins Radio Co., 855—385th St., N.E.; 
Ae mail, 3011 O Ave., N.E., Cedar Rapids, 
owa. 


Pyne, Frank Saxton (J’45) (HKS), Exper. Test 
Engr., Worthington Pump & Mchy. Corp., Har- 
rison; for mail, 28 Union St., Montclair, N.J. 

Pyne, Frederick §. (J’39) (NMCBJA), 25 
Chatham Rd., Longmeadow, Mass. 

Pyster, J. N, WW’ 19), 4701 Lincoln Ave., Oakland 


2, Calif. 
Q 


Quackenbush, 


Claude Fulton (’21;’25;’35) 
(BEA), Mech. Engr., Boeing Aircraft Co., 7755 
E. Marginal Way; for mail, 3131—37th PL, 


Seattle 44, Wash. 

Quackenbush, E, Schuyler (’17; ’25), Sales Engr., 
Indus. Washing Mch. Corp., 289 Burnet St., New 
Brunswick, N.J.; for mail, 635 Riverside Dr., 
New York 381, 

Quackenbush, Howard Menlo (J’44) (AMSCBE), 
Jr. Engr., ’Prod., Prest-O-Lite Inc.; for mail, 
4965 W. 13th St., Speedway 6, Ind. 

Quackenbush, Victor Charles o 45) (OAEM), 
Test. Engr., Static Test Lab., N. Am. Aviation 
Inc., Imperial Ave., Inglewood ; for mail, 17844 
Malcolm Ave., West Los Angeles 24, Calif. 

Quackenbush, Willis Roland (J’ 38) (MJCDBL), 
West, Elec, Co., Inc., 100 Central Ave., Kearny ; 
for mail, 950 Jackson Ave., Elizabeth ae NJ. 

Quaid, James Alexius (’45) (JMLOND), Dist. 
Mgr., Pressed Steel Co., 1033-A Broad St. Sta. 
Bldg., Philadelphia 3; tor mail, 323 Hamilton 
Rd., Merion, Pa. 

Quarles, Frank Williams (’21; 85) (SFKHZB), 
Asst. to Supt., Power Prod. Stas. Dept., Consltd. 
Gas, Elec, Light & Power Co., Lexington Bldg., 
Baltimore 8; for mail, 4040 W. Hayward Ave., 
Baltimore 15, Md. 

Quarnstrom, Arthur A, (J’30) (LBKH), Asst. 
Engr., Natural Gas Dept., Richfield Oil Corp., 
Box 470, Long Beach 1; for mail, 8910 Falcon 
Ave., Long Beach 7, Calif. 

Quast, Walter Flamm (16; 726) (CFSKDH), 
Supvr. Prod. Costs, Philadelphia Elec. Co., 900 
Sansom St., Philadelphia 5; for mail, 6448 Wood- 
crest Ave., Philadelphia 31, Pa, 

Quay, L. Lee (J’43) (YZALK), Mech. Engr., Car- 
bide & Carbon Chemicals Corp., Box N, South 
Charleston 8, W.Va.; for mail, 804 N. Wayne 
Ave., Wayne, Pa. 

Quayle, Alexander (J’36) (CM), Asst. Ch. Engr., 
Oil Well Supply Co.; for mail, 206 W. 1st St., 
Oil City, Pa. 

Quayle, LeRoy Abell (’15;’17) (DHMNSY) 
Cons, Engr., Cleveland Quarries Co., Guild Hall 
Bldg., Cleveland; for mail, 164 Longfellow St., 
Elyria, Ohio. 

Quealy, Lawrence Stuart (J’41) (ABC), Supt., 
Quealy Land & Livestock Oo., Elk Mountain, Wyo. 

Quentin, Charles Reath (J’ 45) (ABE), Designer, 
Gen, Elec. Co., Schenectady ; for mail, 16 Wash- 
ington Ave. Schenectady B,, ON: 

Query, Leo Henry (46), Prof., Univ. of Roches- 
ter, River Campus, Rochester, N.Y. 

Quick, Guy ©., Jr. (J’43) (OCS), Jr. Engr 
United Engrs. & Constructors Inc., 1401 Arch St. 
Philadelphia ; for mail, 828 Concord Ave., Drexel 


Hill, Pa. 

Quick, Howard Prescott (’94), 125 Eaglecroft 
Rd., Westfield, N.J. 

Quick, Ray 8. (’22;’35) (HSEFC), Mgr. of 
nets Baldwin Loco. Works, Philadelphia 42, 


a, 

Quick, William Kay (J’44) (CEJ), Capt., Ord. 
Sec., Hdq., XXth Cad A.P.O. 840, c/o Post- 
master, New York, N.Y 

Quier, Kenneth E, (733; 85) (BKLM), Assoc, 
Prof. ‘age Engrg. ., Pratt Inst., 215 Ryerson St., 


Brooklyn 5 

Quigley, eiward Patrick (J’43), Lt, U.S.A., 
Hdq., 269th Replacement Co., A.P.O. 711, c/o 
Postmaster, San Francisco, Calif. ; for mail, 14214 
Savannah Ave., Kast Cleveland 13, Ohio. 

Quinn, Arthur M, (’25; *85) ES). Sales Engr., 
Haven’ Corp., 225 8S. 15th § Philadelphia; for 
mail, 680 Boyer, Oucleotine, "Pa. 

Quinn, Bayard Elmer (J’ 37) (NBEHAR), Asst. 
Prof., Cornell Univ. ; for mail, 527 E. Buffalo St., 
Ithaca, N.Y 

George Francis (J’44) (KBLFSJ), Instr., 

. of Chem, Engrg., Columbia Univ., New 

York 27, N.Y. 

Joseph J., Jr. (’39) (CHL); U.S. Navy, 

E. Haines St., Germantown, Philadelphia, 


Quinn, 8. M. (’40) (EFS), ge be ne Ins. Co., 
88 Hollis St., Halifax, N. Sis 

Quinnelly, James L. (J’41) (PK), 8801—8th St., 
Meridian, Miss. 

Quintero, Calixto E. (’40), c/o Puerto Rico Water 
Resources Authority, Ponce, P.R. 

Quintilian, Bartholomew Frank (J’42), May Oil 
Burner Corp., Maryland Ave. & Oliver St., Balti- 
more, Md. 

Quirk, Clinton Henry (’17;’35) Mech. Engr., 
Pub. Works Div., 8rd Naval Dist., U.S.N., 90 
Chureh St., New York; for mail, 465 Front St., 
Hempstead, N-Y. 
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Quirk, John Henry (J’42) (ABJ), Abrasive Engr., 
Carborundum Co., Box 337; for mail, Apt. 4, 
859—lst St., Niagara Falls, N.Y. 

Quirke, Edward D. (’11) (FKLMNS), Adv. Mgr., 
Kewanee Boiler Corp., Franklin St. & Q Tracks ; 
for mail, 730 S, Chestnut St., Kewanee, Il. 

Quist, Stettler Howard (J’45) (MCHNLS), Proc- 
ess Engr., Remington Arms Co., Ilion; for mail, 
120 W. Albany St., Herkimer, N.Y 


R 


Rabbitt, James A. (’19) (EFJS), Cons. Engr., 
Internatl, Nickel Oo., Inc., 67 Wall St., New 
York, N.Y.; for mail, Upland Dr., Greenwich, 


Conn. 

Rabe, Frederick William (’42) (FKOS), Cons. 
Engr., Box 2727, Dallas; for mail, Cornell 3105, 
Dallas 5, Tex. 

Rabe, Joseph S, (’36) (NMRSBA), Elec. Engr., 
Wm. Sellers & Co. Inc., 1600 Hamilton St., Phila- 
delphia 80, Pa. 

Raber, Benedict Frederick (’14) (SFEKM), Prof. 
Mech. Engrg., Univ. of Calif., Berkeley 4, Calif. 

Rabert, Arthur Paul (J’33) (ABL), 100—13th 
Ave., Brooklyn Park, Baltimore 25, Md. 

Rabin, Arthur (J’45) (NJYMBZ), Design Engr., 
Univ. Labs. Co., 225 Varick St., New York 14; 
for mail, 2386 Morris Ave., Bronx_53, N.Y. 

Rabinow, David (’44) (CMNDH), Ch. Engr., Con- 
mar Products Corp., 140 Thomas St., Newark 1; 
for mail, 41 Tuscan Rd., Maplewood, N.J. 

Raborg, Joseph H, (J’42), Application Engr., 
Worthington Pump & Mchy. Corp., Harrison, 
N.J.; for mail, 601 Eagle Ave., New York 55, 


Nes 

Rach, J. Louis W. (’19; 35), Mech. Engr., De- 
sign, Bartlett Hayward Div., Koppers Co., Scott 
St.; for mail, 1947 E. 31st St., Baltimore, Md. 

Rachals, Richard (’39; 745) (CN), Engr., Gibbs 
& Cox, Inc., 21 West St., New York 6, N.Y. _ 

Radach, Paul Reinhardt (J’43) (NACM), Special- 
ist, U.S.N.R., Mech. Engr. (Design), Div. N, 
Ames Aero. Lab., Natl. Advis. Com. for Aero., 
Moffett Field, Calif. 

Radamaker, George Lewis (J’43) (SLOMOK), 
Mch. Designer, Spec. Equip., Spring Div., Eaton 
Mfg. Co., 9771 French Rd.; for mail, 8050 
Dobel St., Detroit 5, Mich. 

Radcliff, Leo Lewis (J’41) (SOLMDE), Mech. 
Engr., Devel., Corn Products Refining Co., Argo, 


Ml. 

Radcliffe, John C,, III (J’39), Trans. Sales, West- 
inghouse Elec. Corp., 411 N. 7th St., St. Louis 1; 
for mail, 221 E. Jefferson Ave., Kirkwood 22, Mo. 

Radden, Charles 0. (J’36) (ES), Indus. Serv. 
Engr., Gulf Oil Corp., Park Sq., Boston; for 
mail, 18 Miami Ave., West Roxbury 32, Mass. 

Radeck, Justin E, (J’38) (BEHJN), Engr., Sales- 
man, Cameron Iron Works, 5125 Santa Fe St., 
Los Angeles 14, Calif. 

Radecki, Michael J, (’30; ’35) (CMBJKL), Supt., 
Henry G. Thompson & Son Co., 277 Chapel St., 
New Haven 5, Conn. 

Rader, Donald Arlie (J’42) (AMNB), Engr., 
Layout Design, Airplane Div., Curtiss-Wright 
Corp., 4300 E. 5th Ave., Columbus 16; for mail, 
851 Kenwick Rd., Columbus 9, Ohio. 

Radford, G. 8. (’15; F’41) (MTW), Cons. Engr., 
Box 426, New Canaan, Conn. 

Radinse, Carl H. (J’39) (BNMH), Engr., Mfrs. 
Brush Oo., 12501 Elmwood Ave., Cleveland 11, 


Ohio. 

Radziminski, Whitold Wladislaw (’44) (MN 
RSZ), Designer, Engrg. Dept., E. I. du Pont de 
Nemours & Co.; for mail, 703 W. 22nd St., Wil- 
mington, Del. 

Rae, Otis Ott (’'44) (CKMORS), Mgr., Southeast. 
Cent. Sta., Westinghouse Elec. Corp., 1299 North- 
side Dr., N.W., Atlanta, Ga. 

Raech, Harry, Jr. (J’44) (ZNL), Devel. Engr., 
Natl. Electronics Corp., 3141 W. 110th St., Cleve- 
land; for mail, 367 South Island, Rocky River, 
Ohio. 

Raess, Theodore F. (J’42) (SKEJ), Engr., Diesel 
Devel. Dept., Joshua Hendy Iron Works, Sunny- 
vale; for mail, Box 142, Palo Alto, Calif. 

Raettig, Alvin Ernest, Jr. (J’40) (N), 213 
Winona Dr., Decatur, Ga. 

Raetz, Gibbs Stanley (J’42) (ACE), Flight Test 
Analyst, Lockheed Aircraft Corp., Burbank; for 
mail, 1558 N. Stanley Ave., Los Angeles 46, 
Calif. 

Raetz, Stephen James (’21) (CR), Supvr., Cars & 
Shops Maint., Independent Div., N.Y.C. Transit 
System, 3961—10th Ave., New York 34; for 
mail, O-42, Hudson View Gardens, 1838rd St. & 
Pinehurst Ave., New York 33, N.Y. 

Ragsdale, Earl J. W. (’45) (RGAJ), Ch. Engr., 
Ry. Div., Edw. G. Budd Mfg. Co., 2450 Hunting 
Park Ave., Philadelphia 32, Pa. 

Rahikka, Reino Erick (J’43) (CMA), Equip. 
Engr., West. Elec. Co., Inc., 100 Central Ave., 
Kearny; for mail, 148 Orient Ave., Jersey City 


5, NJ. 

Rahm, Fenton D, (’23) (CEHL), Mgr., Houston 
Office, A. M. Lockett & Co. Ltd., 808 Elec. Bldg., 
1016 Walker Ave., Houston 2, Tex. 

Rahm, Frederick W. (’38) (MLJCB), Designer, 
Geo. Scher Engrg. Co., 1st St., Newark, N.J.; 
for mail, Greene Pl., New York, N.Y, 

"Rahm, Louis Frank (’23;’34) (Y¥), Assoc. Prof. 
Mech. Engrg., Sch. of Engrg., Princeton Univ., 
Princeton, N.J. 


Rahm, Robert Carl (’42) (BNY), Treas., Ch. 
Engr., Berks Engrg. Co., 6th & Chestnut Sts., 
Reading, Pa. 

Raife, Archie (J’44) (BCGJMN), Mech. Engr., 
Stewart-Warner Corp., 1826 Diversey Pky., Chi- 
cago 14; for mail, 5749 N. Central Park, Chicago 
45, Ill. 

Raimondi, Albert Anthony (J’46), Ensign, 
U.S.N.R., U.S.S. Renville, A.P.O. 227, F.P.O., 
San Francisco, Calif.; for matl, 25 Crescent St., 
North Plymouth, Mass. 

Rainesalo, Charles Ilmari (’38) (SEM), Ch. 
Engr., Ajax Iron Works, 26 W. Washington St. ; 
for mail, 152 Park St., Corry, Pa. 

Raisch, William (’24;’34) (LO), Cons, Engr., 
227 Fulton St., New York 7, N.Y. 

Raisig, Charles L. (’18;’35) (BJM), Ch. Engr. 
of Sales, Mesta Mch. Co., Pittsburgh; for mail, 
Park Hill, R.D. 1, Coraopolis, Pa. 

Raisler, Herbert (J’37) (CK), Engr., Raisler 
Corp., 129 Amsterdam Ave.; for mail, Apt. 16-B, 
49 E. 96th St., New York, N.Y. 

Raisler, Robert K. (’26;’33;’35) (OKESCA), 
Treas., Raisler Corp., 129 Amsterdam Ave., New 
York 23, N.Y. 

Raitt, George H, (’21;’28) (C), Pres., Gen., 
Megr., Steel Tank & Pipe Co. of Calif., 1100— 
4th St., Berkeley 5, Calif. 


Raju, ©. §. » (273734; 7385), Deputy Indus. 
Adviser, “N’? Block, Raisina Rd., New Delhi, 
India. 


Rakatansky, Harold (J’40) (BES), U.S. Army; 
52 Gladstone St., Providence, R.I. 

Raley, Ray E., Jr. (J’45) (P), Box 197-X, Route 
1, Bakersfield, Calif. 

Rall, Charles Otto (J’30) (CMS), Prod. Engr., 
Pittsburgh Piping & Equip. Co., 10—438rd St., 
Pittsburgh 1; for mail, 210 Amber St., Pitts- 
burgh 6, Pa. 

Rall, Edwin Beresford (’41) (CFOSR), Asst. 
Plant Engr., Detroit Edison Co., 2000—2nd Ave., 
Detroit 26; for mail, 1844 Yorkshire Rd., Grosse 
Pointe Park 30, Mich. 

Ralph, John Roger (J’44) (SDAR), Mech. Engr., 
Draftsman, Austin Co., 16112 Euclid Ave., Cleve- 
jand; for mail, 14737 Lorain St., Cleveland 11, 


Ohio. 

Ralston, Alexander Hoyle (’45) (HOS), W. M. 
Anderson Co., 600 Schuylkill Ave., Philadelphia ; 
for mail, 2452 Eldon Ave., Drexel Hill, Pa. 

Ralton, Francis Arthur (’22;’23) (SKFHCT), 
Designing Engr., Am. Woolen Co. Inc., 1 Mill St., 
Lawrence, Mass. 

Ram, R, Anant, Sr, (’30;’34; 735) (MST), Ch. 
Mech. & Elec. Engr., Hira Mills, Ltd., Ujjain, 
Gwalior, Central India. 

Ramage, Edwin C., Jr. (’22;’27;’32) (CFL), 
Pinehurst Farms, Route 8, Maryville, Tenn. 

Ramage, Raymond William (18; ’26;’35) (NJ 
YMR), Instr. in Mch. Design, Tech. Dept., North 
High Sch., E. Frederick St. ; for mail, 71 Homer 
St., Binghamton, N.Y. 


Ramaswami, E, K. (’29), Prof., College of 
Engrg., Bangalore, S. India. 
Ramberg, Walter (’36) (ABJ), Sr. Physicist, 


Natl. Bur. of Stands., Dept. of Commerce, Con- 
necticut Ave. at Upton St., Washington 25, D.O. 
Rambo, Harold Edwin (J’42), Engr.,. Cardox 
Seu Monee; for mail, 3706 Union Ave., Steger, 


Ramey, John Randolph, Jr. (J’45) (HOZADN), 
Asst. Project Engr., U.S. Waterways Exper. Sta., 
Vicksburg; for mail, Box 85, West, Miss. 

Ramey, Roy H. (’39), Serv. Engr., R.D. Div., 
Worthington Pump & Mchy. Corp., 224 Townsend 
St., San Francisco, Calif. 

Ramirez, S. John (J’43) (LSKYFD), Asst. Ch. 
Draftsman, S. D. Hicks & Son, 1671 Hyde Park 
Ave., Boston 86; for mail, 22 Suffolk Ave., 
Revere 51, Mass. 

Ramm, Henry F, (’86; 38) (AHL), Prod. Engr., 
Pratt & Whitney Aircraft Div., United Aircraft 
Corp., East Hartford; for mail, R.F.D. 1, Co- 
lumbia, Conn. 

Ramsay, Erskine (’25), Chmn. of Bd., Gen. 
Cons. Engr., Ala. By-Products Corp., 1915— 
1st Natl. Bldg., Birmingham 38, Ala. 

Ramsay, W. A. (’17), Pres., W. A. Ramsay, Ltd., 
Box 1721, Honolulu, T.H. 

Ramsdell, Roger Gibbs, Jr. (J’41) (SHK), 
Engrg. Asst., Consltd. Edison Co. of N.Y., Inc., 
4 Irving Pl., New York 3; for mail, 28 Walnut 
Ave., Rockville Centre, N.Y. 

Ramsden, John T. (’06) (ABCHJK), Exec. Ch. 
Engr., Tabor Mfg. Co., 6225 Tacony St., Phila- 
goehia for mail 1911 N. 17th St., Philadelphia 

Tea. 

Ramsey, Clifford Houston (’20) (BCY), Pres., 

pone Royle & Sons, 10 Essex St., Paterson 8, 
J 


Ramsey, George (’16) (J), Partner, Ramsey, 
Kent & Chisholm, 11 Park Pl., New York 7, 


NYY 

Ramsey, Justin Houston (44) (YNJRKL), V.P., 
Sales & Engrg., John Royle & Sons, 10 Essex St., 
Paterson 3, N.J. 

Ramson, John Richard, Jr. (J’42), Design Engr., 
Iowa Mfg. Co.; for mail, 1501—6th Ave., S.E., 
Cedar Rapids, Iowa. 

Ranck, Clayton Ernst (J’41) (DLM), Ensign, 
U.S.N.R.; for matl, 212 St. Mark’s Sq., Phila- 
delphia 4, Pa. = 

Rand, Irvin Jerome (’45) (SHLKEO), Sales 
Engr., Ingersoll-Rand Co., 224 E. 9th St., Cin- 
cinnati 2; for mail, 3245 Orion Ave., Cincin- 
nati 13, Ohio. 
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Rand, William Arthur (J’42) (MAJCBD), En- 
ie U.S.N.R., LSM-283, F.P.0., San Francisco, 

alif. 

Randall, Guy B. (’22) (FLS), Cons. Engr., 
Champion Paper & Fibre Co.; for mail, 851 
Gray Ave., Hamilton, Ohio. 

Randall, John Foster (J’36) (JKFS), Engr., 
Automotive Research Dept., Ford Motor Co., 
Village Rd. Bldg., Dearborn; for mail, 14516 
Terry Ave., Detroit 27, Mich. 

Randall, Merwyn C. (’40), Sr. Engr., Philadel- 
phia Elec. Co., 17th Floor, Edison Bldg., 9th 
& Sansom St., Philadelphia; for mail, 6211 
Jefferson St., Philadelphia 31, Pa. 

Randall, Ross D. (’31;’45) (BKM), Dept. 239, 
Stewart-Warner Corp., Indianapolis, Ind. 

Randich, Erasmus A, (J’43) (MJBYDL), De- 
sign Draftsman, Plant Engrg. Dept., Bethlehem 
Steel Co.; for mail, 302 E. Broad St., Bethle- 
hem, Pa. 

Randle, Winslow Allhands (J’39), 1st Lt., Corps 
of Engrs., U.S.A., Co. A, 47th Div.; for mail, 
Port Sulphur, La. 

Randolph, Frank Harrison (’22;°32) (KFOS 
CG), Prof. Hotel Engrg., Cornell Univ., Box 55, 
Roberts Hall, Ithaca, N.Y. 

Raney, Russell Raymond (’45) (BCH), Asst. 

Engr., McCormick Works, Internat]. Har- 
vester Co., 26th & Western Ave., Chicago 8. Tl. 

Rang, Eugene (’30; 735) (S). Boiler Inspr., Hart- 
ford Steam Boiler Inspe. & Ins, Co., 56 Prospect 
ne Hartford ; for mail, 466 Main St., Norwich, 

onn. 

Raninen, Arnold Birchard (J’44) (BMNJ), 
Engr., Ord. Design, Aberdeen Proving Ground ; 
for mail, 228 Seneca Ave., Havre de Grace, Md. 

Rank, Homer Lee (’18; ’22) (FSD), Sales Mer., 
Pulverizer Dept., Strong Scott Mfz. Co., North- 
west. Terminal, Minneapolis 13; for mail, 7040 
Oak Grove Blvd., Minneapolis 9, Minn. 

Rankel, Robert A. (J’40) (LEARZS), Research 
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Rice, William Maxwell (J’44) (OAGQO), Arch. 
Services, Wurster, Bernardi & Emmons, Archs., 
402 Jackson St., San Francisco 11; for mail, 
4806 Davenport Ave,, Oakland 2, Calif. 

Rice, William Mitchell (J’44) (MJODBN), Capt., 
Army Air Forces, 955th Air Engrg. Sqd., 529th 
Air Serv. Gp., A.P.O. 584, New York, N.Y.; 
for mail, 812 Agnes Ave., Marlin, Tex. 

Rich, Abraham Moses (J’46) (EGM), 102 Devon 
St., Roxbury 21, Mass. 

Rich, Bruce Paul (J’45) (MSBEDK), 405 9. 8rd 
St. W., Mt. Vernon, Iowa. 

Rich, George R. (’35) (HBS), Hyd. Engr., 
Charles T, Main, Inc., 201 Devonshire St., Bos- 
ton, Mass, 

Rich, Keith (J’87) (NBHOFK), Devel. Engr., 
Goss Ptg. Press Co., 1535 8. Paulina; for mail, 
11521 S, Oakley Ave., Chicago 43, Il. 

Richard, James Ashburner (J’44) (DRBYNK), 
Mech. Engr., Heyl & Patterson Inc., 56 Water 
St., Pittsburgh 22, Pa. 

Richard, LaSalle Anthony (J’41) (JHMF), Asst. 
Hyd. Engr., Steam Engrg. Dept., Tenn. Coal, 
Tron & R.R. Oo., Ensley Sta., Birmingham 8, 
Ala.; for mail, 841 W, Bellevue St., Opelousas, 
L 


a. 

Richards, Allen H, (’45) (OMY), 5238 College 
View Ave., Los Angeles 41, Calif. 

Richards, Donald G, (J’389) (BJA), Project 
Engr., Research & Devel., Hamilton Stand. Pro- 
pellers Div., United Aireraft Corp., East Hart- 
ford 8; for mail, R.F.D. 2, Andover, Oonn. 

Richards, Edwin H, (J’42) (OKF), 1640 Irving 
St., N.W., Washington, D.C. 
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Richards, George B, (J’85) (MH), 9416 Karlov 
Ave., Skokie, Ill. 

Richards, Gerald Reed (J’24) (OMDLY), Fac- 
tory Supt., Am. Chicle ©o,, 80-80 Thompson 
Ave., New York 1; for mail, 182 Quaker Ridge 


Rd., Manhasset, N.Y. 
Richards, H. F, (J’48), Mech. Design Ener., 
1201 KE. California St., 


wy Inst. of Tech., 
asadena; for mail, 771 EB. 14th St, L : 
geles 21, Calif, me thee 
Richards, Harry Edward (J’36) (SJHKB), 
Draftsman, Yuba Mfg. Co., 851 California St., 
San Francisco; for mail, 1866 Delaware St., 


Berkeley 2, Calif. 
Richards, James Verne (44) (CSKFAB), Ch. 


Constr. Engr., Chicago Dist. Elec. Generatin 
Corp., 122 8. Michigan Ave., Chicago 8, Ill. ¥ 
Richards, John Young, Jr, (44) (SOACEL), 


Field Engr., Sullivan Mchy. Co., 307 N. Michi- 
gan Ave., Chicago 1, Dl. 
Richards, Keene (’27) (COS), Gen. Mgr., Cons. 
Engr., Vassar College, Poughkeepsie, N.Y. 
Richards, Raymond Gardner (J’40) (ACMORS), 
Field Serv. Engr., Lockheed Aircraft Corp., 
Burbank; for mail, 11818 Erwin St., North 


Hollywood, Calif, 
Richards, Roscoe CG, (J’89), 821 N. Washington, 
ae Nigel Ea 4 
chards, homas mund, Jr, (J'42 CJM 
NYD), Anchor Hocking Glass Oaae ee 
for mail, 1622 Glenn Ave., Columbus 8, Ohio. 

Richards, William Arthur (J’42) (ZSBCLK), 
Engr., E. I, du Pont de Nemours & Co.; for 
mail, 1347 Haupt St., Richland, Wash. 

Richards, William Merril Shaw (J’88) (KAE 
BSF), Asst. Project Engr., Wright Aero. Corp., 
Paterson 8, N.J. 

Richards, William Newman (J’48) (MDAKSN), 
Head, Mech, Bngrg. Schs., Internatl. Correspon- 
dence Schs., 1001 Wyoming Ave., Scranton Or Pa, 

Richardson, Ammi Carleton (13; 19) (TSK 
OF), Asst. Gen. Engr., Am. Thread Co., 260 W. 
Broadway, New York 18, N.Y. 

Richardson, Bayard E, (’29), Pres., Treas., 
Products Engrg. Sery., 1615 Eastern Ave., S.E.; 
8 Aue 921 Sherman St., S.E., Grand Rapids, 

ch, 

Richardson, Carl (J’45) (KA), Graduate Stu- 
dent, Calif, Inst, of Tech., 1201 E. California St., 
Pasadena 4, Oalif.; for mail, 159 Hemlock Rd., 
New Haven 15, Conn, 


Richardson, Edward Adams (J’22) (EBAK), 
Spec. Engr., Publications & Cons., Bethlehem 
Steel Co., EH. 8rd & Buchanan Sts.; for mail, 


1133 N. New, Bethlehem, Pa. 

Richardson, Francis Everett (J’85) (MD), Prod. 
Clerk, Mercury Mfg. Co., 4044 S. Halsted St., 
Ppinae 9; for mail, 1119 Maple Ave., Evanston, 


Richardson, Fred ©, (’87) (SFBKO), Mech. 
Engr., Westcott & Mapes, Ine., 109 Church St., 
New Haven 5; for mail, 245 Elsworth Ave., 
New Haven 11, Conn. 

Richardson, Frederick Pierce (J’41) (AHZJR), 
Sales Engr., Bean-Cutler Div., Food Mchy. Corp., 
San Jose; for mail, 905 N. Stockton St., Stock- 
ton, Calif, 

Richardson, George Partridge (’01;’17), Part- 
ner, Bellport Associates, 441 Baldwin Rd., 
Maplewood, N.J. 

Richardson, Harold ©, (’25;’87) (OM), Works 
Megr., Morris Mch. Works, Baldwinsville; for 
mail, 25388 W. Genesee St., Syracuse 9, N.Y 

Richardson, Harry Duchesne (J’43) (SEFKYH), 
Lt., Co. B (Mise.), A.P.O. 11984, c/o Post- 
master, New York, N.Y. 

Richardson, Henry Martyn (’42) (YOCNBW), 
Partner, DeBell & Richardson, Box 240, P.O. 
Square Bldg., Springfield 1, Mass. 

Richardson, James K, (’87), Asst. Chief, Mech. 
Engrg. Div., U.S. Bur, of Reclamation, Denver, 
Colo, 

Richardson, Lawrence (’41) (AODEJR), Mech. 
Asst. to V.P. & Gen. Mgr., Boston & Me. R.R., 
150 Oauseway, Boston; for mail, 19 Ware St., 
Cambridge 88, Mass, 

Richardson, Marion B, (’24;’85) (AOR), Lt. 
Col., Trans. Corps, U.S.A., Indus. Relations Of- 
ficer, Hdq., N.Y. Port of Embarkation, U.S, 
Army Base, Brooklyn, N.Y¥.; for mail, Plaza 
Hotel, 1653 N. Clark St., Chicago 10, Il. 

Richardson, Paul Holman (’46) (AEM), Mar. 
Div., Bendix Aviation Corp., Norwood; for mail, 
Seekouk St., Norfolk, Mass. 

Richardson, Percy Laurie (A’45) (SEFOTL), 
Power Rate Consultant, E. I. du Pont de Nemours 
& Oo., Market St., Wilmington 98, Del. 

Richardson, Richard LeVoyle (J’41) (BHJK 
LY), Instr., Oregon State College; for mail, 626 
N. 81st St., Corvallis, Ore. 

Richardson, Robert William (46), Engr, 
Sanderson & Porter, 52 William St., New York 5, 
N.Y. 

Richardson, William H, (J’46), 6025 Upland St., 
Philadelphia 42, Pa. 

Richardz, Folke ('44) (BCAMN), Mgr. of Engrg., 
Westinghouse Elec. Corp., 200 McCandless Ave., 
Pittsburgh 1, Pa. 

Richeson, William Lyle (A’45), Asst. V.P., Sales, 
Am. Oar & Fdy. Co., 80 Church St., New York 8, 


Richmond, Ernest Leon (J’42) (NOJHBA), 
Mech, Engr., Ransome Mchy. Oo., Dunellen; for 
mail, 1189 Myrtle Ave., Plainfield, N.J. 
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Richmond, Harold Anthony (’98;’21) (0), 
Treas., Gen. Abrasive Co., College Ave.; for 
mail, 625 Buffalo Ave., Niagara Falls, N.Y. 

Richmond, J. H. M. (745) (CMYHBN), Gen. 
Megr., Pedlow Mch. Co.; for mail, 2107 Madison 
St., Chester, Pa. 

Richmond, Julian (’03;’08;’19), Chmn., Pot- 
devin Mch. Co., Brooklyn 18; for mail, 71 

735) (HRB 


Dunwoodie, Yonkers 4, N.Y. 

Richmond, Julius David (2437255 

NSM), Asst. Mech. Engr., Bd. of Water Supply, 

120 Wall St., New York: for mail, 201 Eastern 
Pkwy., Brooklyn RESINEY: 

Richmond, Robt. L. Ww 35), Asst. Supt., Potdevin 
Mch. Co., 1221—88th St., Brooklyn; for mail, 
7 Pine Terrace, Bronxville, ANG 

Richmond, William Osborn (’31;’40) (BNJM), 
eae Prof., Univ. of B. C., Vancouver, B:G:; 


Richter, Frederick Henry (J’37) (SECM), Serv. 
Engr., Babcock & Wilcox Co., 85 Liberty St., 
New York G2 uNtYs 

wees George A. (’24;’35) (EFS), 

Denver Fire Clay Co. , Denver, Colo. 

Richter, William W. (’42), Ch. Engr., Moore & 
McCormack Lines, 5 Broadway, New York; for 
mail, 24-46 Butler St., East Elmhurst, N.Y. 

Richtmann, William Muir (7438) (SKB), Prof. & 
Head, Mech. Engrg. Dept., Colo. Sch. of Mines, 
Golden, Colo. 

Rick, Constantine (729; 86) (NJABHR), Mech. 
Ener., Allis-Chalmers Mfg. Co., Milwaukee 1, 
Wis. 

Ricker, Richard (J’38) (MCD), Engr., Merchant 
Calculating Mch. Co., Powell St., Emeryville ; 
for mail, Box 596, Route 1, Lafayette, Calif. 

Rickerman, J, Herman (’44) (BFGJKL), Asst. 
Ch. Mech. Engr., M. W. Kellogg Oo., 225 Broad- 
way, New York 7, ee ee mail, 276 Mon- 
mouth Ave., River Edge, 

Ricketts, Edwin penis vaoe 716) (SFEL), 
Vice-President, °’40-’42; Mech. Engr., Consltd. 
Edison Oo. of NSYs; Inc., 4 Irving Pl., New 


York 3, N.Y. 

Ricketts, John Blaine, (J’44), Solane Apts., 
42-637 Bennett Ave., WallGo, Calif. 

Ricketts, Raymond (J’86) (EOSCY), Mech. 
Engr., Union Sulphur Co. Ine. ; Sulphur, La. 

Rickley, Samuel Spring (J’45) (NJAKMY), 
Mech. Engr., Superior Steel Corp., Carnegie, Pa. 

Ricks, John Leslie (J’41) (OCESML), Mech. 
Engr., Ford, Bacon & Davis Constr. Corp., 805 
S. Grand; for mail, 706 Glenmar, Monroe, La. 

Riconda, Leo Joseph (’34;’45) (BKL), Mech. 
Engr., N.Y. Naval Shipyard, Brooklyn; for mail, 
415 Minneford Ave., City Island 64, N.Y. 

Riddiford, Arthur B., Jr. (’81;’41) (CHM), Ch. 
Engr., John S, Barnes Corp., S. Water St.; for 
mail, 1318 Camp Ave., Rockford, Ill. 

Riddle, George Walton (J’43) (SCK), Refrigera- 
tion Unit, Engrg. Div., Gen. Elec. Co., E. Lake 
Rd.; for mail, c/o S. A. Salamone, 636 KE, 21st 
St., Erie, Pa. 

Riddle, Kenneth W. (J’43) (BGM), 37 Woody- 
crest Lane, Rose Valley Acres, Moylan, Pa. 

Ridenour, James Otto (’45) (NBAJY), 1447 
Anderson, Manhattan, Kan, 

Rider, Harry Nichol (’48) (HKMFCJ), Megr., 
Tech. Div., Automatic Sprinkler Co. of Am., Box 
360, pomsstore 1; for mail, 108 McKinley Ave., 
Youngstown § Ohio. 

Ridge, Charles. ‘Kennedy (J’ a Pvt., U.S.A., 247 
W. Glen Ave,, Ridgewood, 

Ridgely, Holland Eavihing (J’45) (NBHJMA), 
Mech. Engr., Naval Ord. Plant, 6000 E. 21 St.; 
for mail, 1416 N. Olney St., Indianapolis, Ind. 

Ridley, Earl Lewis (’29;’85) (CDFST), Plant 
Engr., Bigelow-Sanford Carpet Co., Inc., Main 
St., Thompsonville, Conn. 

Ridley, Kenneth Joseph (’39) (CDFMST), Plant 
Engr., Bigelow-Sanford Carpet Co., Inc., 37 
Prospect St.; for mail, 451 Guy Park Ave., 
Amsterdam, N.Y. 

Ried, Robert C. (J’34) (LDKH), Res. 
Process Equip. Div., Gen. Am. Trans, 
2310 Koppers Bldg., Pittsburgh 19, Pa. 

Riede, John Robert (J’48) (NWDER), Mech. 
Engr., Manhattan Project (Univ. of Calif.), Box 
1663, "Santa Fe, New Mex. 

Riede, Peter M. (J’40) (NLC), Lab. Div. Head, 
Linde Air Products Co., E. Park Dr., Tonawanda, 


ING 

Riedel, Carl William, Jr. (J’41) (MCODRH), 
1413 Rose Virginia Rd., Reading, Pa. 

Riedel, Harvey John (J’41) (SOCEHN), Export 
Div., Worthington Pump & Mchy. Corp., 2 Park 
Ave., New York 16, N.Y.; for mail, 223—75th 
St., North Bergen, N.J. 

Riedel, Richard Joseph (J’45) (MNY), Engrg. 
Draftsman, Goodyear Tire & Rubber Co. of Kan. ; 
for mail, 1821 Huntoon, Topeka, Kan. 

Rieder, Ernest Victor (’41) (SZBK), Tech. Engr., 
Trenton Channel Plant, Detroit Edison Co., 
2000—2nd Ave., vee 26; for mail, 2210 
Ruskin Rd., Trenton, Mich 

Riegels, Olaf Leonhard (727) (EBHAMK), 22 
Webster Pl., Orange, N.J. 

Riehl, Harmon B. (’24; 35), Ch. Engr., Textile 
Div., Proctor & Schwartz, Inc., 7th St. & Tabor 
Rd., Philadelphia 20; ie mail, R.D. 8, Norris- 
town, Montgomery Co., Pay 

Rieke, Vernon W. (7 40) CEM CLEA) Maint. 
Engr., Aluminum Cooking Utensil Co.; for mail, 
Aluminum Club, New Kensington, Pa. 

Rienks, Geo. W. (’18) (DFK), Supvg. Engr., 
Great West. Sugar Co., Sugar Bldg., Denver, Colo. 


Sales 


Mgr., 
Corp., 


Riera, Pelayo Vincent (J’40) (CHSEA), Exec. 
Engr., Cia. Riera Toro & Van Twistern, S.A., 
Box 916, Havana, Ouba. 

Riesenberg, Frank Walter (J’45), Test Engr., 


Gen. Elec. Co., Philadelphia; for mail, 6548 
Reedland St., Philadelphia 42, Pa. 
Riesing Ellwood Franklin (42) (ABY), Ch. 


Automotive Engr., Firestone Indus. Products Co., 
Inc., Akron, Ohio. 

Riester, Robert Andrew (J’39) (MS), Devel. 
Engr., Elliott Co.; for mail, Spanish Villa, 
Jeannette, Pa. 

Rietz, Carl Austin (’31; ’34) (BDGLNW), Pres., 
Engr., Process Mchy. Co. & Jos, Wagner Mfg. Co., 
441 Folsom St., San Francisco, Calif. 


Rietz, Charles Freund (J’43) (SFE), Bosley: 
U.S.N.R.; 924 E. Wells, Milwaukee 2, Wis. 
Rietz, Elmer Weber (782) (ZLWTC), “Mer., 


Specialty Div., Powers PEER AIOE Co., 2720 Green- 
view Ave., Chicago 14, Il 

Riford, Charles Payne (en 39) (HMN), Prod. 
Engr., Gen. Elec. Co., 1 River Rd., Schenectady 


6, N.Y. 
Rigby, Edward Joseph (’18) (AYTLJ), Tech. 
Robert Bryce & OCo., Pty. Ltd., 


Dir., Chmn., 
526-32 Little Bourke St., Melbourne, Victoria, 
Blue 


Australia. 

Rigby, James E, (’87) (CM), Plant Engr., 
Ridge Glass Corp.; for mail, 1440 Brightridge 
Dr., Kingsport, Tenn. 

Rigdon, Carl (’07; ’16), 171 Montclair Ave., Mont- 
clair, N.J. 

Riggs, Harold E. (’27) (CES), 

Riggs Farms, R.F.D. 3, Belmont, N. 

Riggs, John D, (J’92), Retired ; Box 333, R.R. 10, 
Indianapolis, Ind. 

Riggs, Kenneth (J’42) (BKS), c/o Miss Anne 
Yeganian, 95 Radford St., Yonkers 5, N.Y. 

Rightmire, Brandon Garner (355 43) (BAH), 
Asst. Prof. Mech. Engrg., Mass. Inst. of Tech., 
77 Massachusetts Ave., Cambridge 39, Mass. 

Riis, Erling (’27), So. Kraft Corp., Mobile, Ala. 

Riker, George Edwin (’37) (SHEBFL), Mech. 
Engr., M. W. Kellogg OCo., 225 Broadway, New 
York 7, N.Y¥.; for mail, 1528 Bradford Terrace, 
Union, N.J. 

Riley, Benjamin A. (J’40), Devel. Engr., Heald 
Mch. Co., Bond St., Worcester ; for mail, 16 East- 
ford Rd., Auburn, Mass. 

Riley, Joseph C. (’09) (BEH), Retired; 9 Pond 


Owner, Mgr., 


View Ave., Jamaica Plain 30, Mass. 
Rilliet, Jean Louis (’25) (BKSZ), Ch. Mech. 
Engr., City of St. Louis, Market & 12th Sts., 


St. Louis 8; for mail, 3952-A Sullivan Ave., St. 
Louis 7, Mo. 

Rimbach, Richard (’45), Cons. Metal. Engr., 1117 
Wolfendale St., Pittsburgh 12, Pa. 

Rincliffe, Roy George (°41) (CFHS), Wares 
Charge of Elec. Operas., Philadelphia Elec. Oo., 
1000 Chestnut St., Philadelphia 5, Pa. 

Rindner, Jack (J’44) (CJM), Electronics Tech- 
nician’s Mate, 3rd Class, U.S.S. Fogg, Destroyer 
Escort 57, F.P.0., New York, N.Y. 

Rindsberg, Harry D. (’30) (BCDGMY), Prod. 
Mer., The Cincinnati Enquirer, 617 Vine St., 
Cincinnati 2, Ohio. 

Ring, Roy Alfred (’29) (LFS), Design Engr., 
Atlantic Sugar Refineries Ltd., Charlotte St., 
St. John, N.B., Can. 


Ring, Vincent P. (’23;’33;’35) (OM), Treas., 


Knapp-Monarch C©o., 3501 Bent Ave., St. Louis © 


16, Mo 

Ringlee, Norman Paul (J’42) (CMSO), Ch. Esti- 
mator, Puget Sound Bridge & Dredge Co., 2929— 
16th Ave., S.W.; for mail, 8464—42nd Ave., 
S.W., Seattle 6, Wash. 

Ringo, William Robert (J’41) (MJNL), Tool 
Process, Deleo Products Div., Gen. Motors Corp., 
329 E. 1st St., Dayton 1; for mail, 2837 Kingston 
Ave., Dayton 10, Ohio. 

Ringwald, Elmer August (’22; ’32;’35) (ABD 
LNW), Designing Engr., Ashland Div., Am. Roll- 
ing Mill Co., Ashland, Ky.; for mail, 302 Cherry 
St., Chillicothe, Ohio. 

Ringwalt, Victor George, Jr. (J’42) (BHMS), 
Test Engr., Gen. Elec. Co., 1 River Rd., Schenec- 
tady, N.Y.; for mail, 145 New St., Glenside, Pa. 

Rink, George William (’07) (R), Retired; 603 
Brobst St., Shillington, Pa. 

Riola, Michael Ralph (J’42) (AHJKY), Engr., 
Mch. Devel. Dept., Remington Arms Plant, E. I. 
du Pont de Nemours & Co., Bridgeport; for mail, 
3035 Main St., Bridgeport 6, Conn. 

Riopelle, Constantine Paul (’28) (EFNS), 310 
Court St., Alton, Il. 

Riordan, Hugh Ernest (J’44) (BEL), 517—8th 
Ave., Troy, N.Y. 

Riordan, John M, (’21) (ACM), Pres., Gen. Mgr., 
Riordan Mchy. Co., 213 Curtis Bldg., Detroit 2; 
for mail, 2238 Tuxedo Ave., Detroit 6, Mich. 

Riordan, William Joseph (J’87) (RANE), Gp 
Engr., Sikorsky Aircraft Div., United Aircraft 
Corp., South Ave., Bridgeport; for mail, 60 Haw- 
kins St., Derby, Conn. 

Ripley, Charles Trescott (’29; F’45) (RJE), Oh. 
Engr., Wrought Steel Wheel Industry, 310 S. 
Michigan Blvd., Chicago 4, Ill. 


Ripley, E. Bradford, Jr. (’29;’35) (SBWH), 
lant Supt., Conn. Light & Power Co., Devon, 
onn, 


Ripley, Mills Norton (’41) (HTROC), Hyd. Press 
Mfg. Co., 500—5th Ave., New York 18; for mail, 
114 Brite Ave., Scarsdale, N.Y 
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Ripley, Reginald Lincoln (’31) (CFJLM), Prod. 
Engr., Sturgis & Ripley Associates, 60 State St., 
venoms for mail, 14 Elm St., Wellesley Hills 82, 


Ripe! Carlos recon (3’35) (BCHNSW), Mgr., 
Carlos Rippe Ch. & Cia.; for mail, Carrera 41, 
63-09, Barranquilla, Colombia, S.A. 

Rippey, George Stone (’43) (HNEB), Mech. 
Engr., 3685 Midiron Dr., Winter Park, Fla. 

Rise, Kaare (J’45) (DLS), Plant Engr., U.S. 
Gypsum Co., 561 Richmond Terrace, Staten 
ae for mail, 5408—6th Ave., Brooklyn 20, 

Rising, Simeon Marshall, Jr. (J’41) (ARCHDF), 
Installation Engr., Pratt & Whitney Aircraft Div., 
United Aircraft Corp., 400 S. Main St.; for mail, 
20 Wind Rd., East Hartford 8, Conn. 

Risley, Donald Lloyd (J’37) ’(MHJLZS), Engr., 
Mch. Designer, Cleveland Twist Drill Co., 1242 E. 
49th St., Cleveland 14; for mail, 1343 E. 141st 
St., East Cleveland 12, Ohio. 

Risley, William Linton, Jr. (J’45) (LMNCD), 
Mech. Engr., Food Mchy. Corp., Box 760, San 
Jose, Calif. 

Risteen, Horace William (’25;’35) (AEK), 
Assoc. Prof. Mech. Engrg., Mich. College of Min. 
& Tech., Houghton, Mich. 

Ritcheske, William Frederic, Jr. (J’44) (OF 
EA), Mech. mee Tech. & Research Div., Tex. 
Co., Beacon, N. 

Ritchey, Lloyd B, (J’37), Instr., Univ. of IIL, 
Urbana, Ill.; for mail, R.R. 4, Lafayette, Ind. 
Ritchie, Albert P. (724; 135), Managing Dir., 
mes Fee Co. Ltd., Grange Lane, Leicester, 

Englan 

Ritchie, Arthur Harman (J’38) (C), Mem. of 
Firm, Boso & Ritchie, Inc., Ravenswood, W.Va. 

Ritchie, Frank Albert (J’ 42) (CDM), 854 Char- 
lotte Rd., East Windsor, Ont., Can. 

Ritchie, Paul (215382) (YSCFMZ), Mech. Engr., 
Bradstone Rubber Co., Woodbine ; for mail, 572 
Columbia Ave., Millville, N.J. 

Ritchings, Frank A,, Jr, (J’46) (KOS), 16 Jane 
St., New York 14, N.Y. 

Ritchings, Robert Hemsworth (J’35) (ZKSY), 
Engr., Research Dept., Coodyers Tire & Rubber 
Co., Akron 16, Ohio. 

Rittelmeyer, John Mosal (23; 35) (KLSZ), 
Pres., Rittelmeyer & Co., 816 Bona Allen Bldg., 
Atlanta 8, Ga. 

Ritter, Carlisle A. (J’48) (ZAL), Application 
Engr., Taylor Instrument Cos., Inc., 95 Ames St., 
Rochester 1; for mail, 51 Bellevue Dr., Rochester 


Ritter, George T., Jr. (J’40), 1820 Walnut St., 
Williamsport, Pa. 

Ritter, Harold Peter (’25;’26) (B), Partner, 
Oberhelman-Ritter Fdy. Co., 3323 Colerain Ave., 
Cincinnati 25, Ohio. 

Ritter, Herman (J’38), Sewing Mch. Technician, 
Singer Mfg. Co., Trumbull St., Elizabeth; for 
mail, 115 Mohawk Dnt Cranford, N.J. 

Ritter, Kurt (J’29) (CM), Mch. Designer, Am. 
Can Co., 499 Alabama St., San Francisco 10; for 
mail, 846 Acacia Dr., Burlingame, Calif. 

Ritter, Paul Alex, (’ 25) (EB), Retired; 16 Helen 
St., Melbourne, Fla. 

Ritter, Walter T, (’24;’32) (GDCZYK), Mech. 
Engr., Chicago Carton Co., 4200 S. Crawford 
Ave., Chicago 32; for mail, 707 William St., 
River Forest, Il. 

Ritterbusch, Harry F. (J’37) (MON), Gen. 
Branch Engr., Am. Optical Co.; for mail, 187 
Lebanon St., Southbridge, Mass. 

Rittman, Ww. F. C19), Cons. Engr., 


6112 Alder 
St., Pittsburgh, Pa. ‘ 


Rivello, Robert Matthew (J’46), Instr., College 
of Engrg., Univ. of Md., College Park, rn 
Rivera- Rodriguez, Denjiro (J’41) (TMCSD), 


Mech. Engr., Puerto Rico Devel. Co., 55 Allen, 
San Juan; for mail, 2 Orbeta St., Santurce, P.R. 
Rives, Thomas McDowell, Jr. (J’ 46) . (BHK), Re- 
search Engr., Worthington Pump & Mchy. Corp., 
Rrreey for mail, 331 W. Scott Ave., Rahway, 


Rivinius, George Ambrose, Jr. (J’39) (CWMO 
DN), Propr., F. C. Rivinius & Oo., 148 State St., 
Boston 9; for mail, 346 Main St., Winchester, 


(J’34) (CMR), Elec. Engr., 


Mass. 
Rivoira, Edilio J. 
Oakley St., Cincin- 


Cincinnati Milling Mch. Oo.. 


nati; for mail, 3822 Thornton Dr., Silverton, 
Ohio. 
Rizzo, Joseph F, (J’41) (ACM), Pres., Managing 
Engr., Am. Tech. Inst., 305 N. 15th St., Phila- 
delphia, Pa. 
Roach, Jack W. (J’36) (CKL), Asst. Supt., 


Okmulgee Refinery, Phillips Petroleum OCo.; for 
mail, Box 2351, Okmulgee, Okla. 

Roach, Jere Henry (J’38) (CJNM), Plant Engr., 
Penn Brass & Copper Co.; for mail, R.D. 3, 1105 
Arlington Rd., Erie, Pa. 

Roane, Eugene Stuart, Jr. (J’42) (SKFAHO), 
Capt., U.S.M.C.R., Overseas; for mail, 603 Mont- 
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Russell, Robert A. (J 40) (BFS), Mech. Engr., 
Black & Veatch, 4706 Broadway, Kansas City; 
for mail, 2219 Fieldston Rd., Kansas City 3, 


Kan. 

Russell, Robert Jackson 8s 742) (LKF), Har- 
dinge Co., Inc., York, 

Russell, Samuel (S’ 37) (SZP), Asst. Mech. Engr., 
Engrg. & Maint. Dept., Eastman Kodak Co., 
Roe Park; for mail, 261 Merrill St., Rochester, 


Buseeil, Thomas Frederick (’44) (CBMN), Part- 
ner, Highway Equip. ee 2150 Langdon Farm 
Rd., Cincinnati 12, Ohi 

Russo, Gennaro (J’ 45), 1060 Stell Pl., Bronx, 
N.Y. 

Russo, James N, 


(J’45), 68 Van Winkle S&t., 
Dorchester, Mass. 


Rust, Albert D, III (°37) (SKLCFM), Asst. Ch. 
Engr., Dow Chem. ; for mail, Angleton, Tex. 
Rust, George M. VBL: 141) (BOSZ), V.P., Rust 
Engrg. Co., Lay Bldg., Birmingham 3, Ala. 
Rust, Mack Donald (’27; 435) (JYDH), Rust 

Cotton Picker, Box G, Casa Grande, Ariz. 
Rust, Stirling Murray, Ir. ('34; 7°48) (COLSWJ), 
Pros. Rust Engrg. Co., Clark "Bldg. ., Pittsburgh 


Beier chon, John Alfred (’89; 745) CeEee 
Dist. Trans. Engr., Gen. Elec. Co., 920 8.W. 6th 
Ave., Portland ; for moil, 2585 N.E. 30th ‘Ave., 
Portland 12, Ore. 

Rutishauser, ‘Hans (J’40) (BEFA), Ch. Research 
Engr., Aerojet Engrg. Corp., Colorado St., Pasa- 
dena; for mail, 1795 Sonoma Dr., ‘Altadena, 


Calif. 

Ukoraky, Hyman David (J’40) (JLMBS), 
Engr., Picatinny Arsenal; for mail, 51 Berry 
St., Dover, N.J. 

Rutledge, Eric A. (387), Research ano Sales, 
Rensselaer Valve Co.; for mail, R.F.D. * Leversee 
Rd., Troy, N.Y. 

Rutz, William Edward (’39) (CHMNY), V.P., 
Works Mgr., Giddings & Lewis Mch. Tool Co., 
142 Doty St. ; for mail, 290 Sheboygan St., Fond 
du Lac, Wis. 

Ruzga, Joseph Albert (J’89) (MBCLYJ), Engr., 
Mech. Mfg., West. Elec. Co., Inc., 2500 Broening 
Highway, Baltimore 24; for mail, 219 Alpine 
Rd., Baltimore 10, Md. 

Ryan, Beverly Edward (J’32) (OSH), Capt., 
Adjutant, U.S.A., Hdq. 8rd Student Regt., 
Armored Sch., Ft. Knox, Ky.; for mail, 208 Mid- 
land Ave., Little Rock, Ark. 

Ryan, Clifton Miles (J’45) (BHJ), Taylor Instru- 
ment Cos., Rochester; for mail, c/o Smith, Fen- 
ton Rd., Rochester iD ee. Ppt 

Byan, David Gerald (39) (MBK), Prof. Mech. 
Pvere-s Univ. of Ill., 115 Trans. Bldg., Urbana, 
Il. 


Ryan, Edmund J, (J’40), 914 Argonne Dr., Balti- 


more, Md. 

Ryan, Francis M. (’19; ’25;’35) (ABL), Foreign 
Dept., Norton Co., Worcester, Mass. 

Ryan, Frederick James, Jr, (J’41) (FELO), 


Sales Engr., Phillips Petroleum Co.,.15th & Locust 
Sts., Philadelphia ; for mail, Washington Lane & 
Noble Rd., Jenkintown, Pa. 

Ryan, James Jay (726 ; 42) (NBSAOC), Assoc, 
Prof., Mech. Engrg. Dept., Univ. of Minn., 
Minneapolis 14, Minn. 

Ryan, James Ww. (J’41) (JLMZYA), Ch. Metal- 
lurgist, Eclipse Mch. Div., Bendix Aviation Corp., 
Oakwood Ave. fo a St.; for mail, 401 Maple 
Ave., Elmira, N.Y 

Ryan, John Edward ('384; 745) (BKNJZ), Re- 
search Engr., Gen. Elec. Oo., 1 River Rd., 
Schenectady ae ig mail, 2190 Grand Blvd., 
Schenectady 8, 

Ryan, John Michaci (J’48) (RFSEK), Seaman, 
1st Class, U.S.N., Rm. 121, Bldg. 601, Naval 
Trng. Center, Bainbridg: e, Md. 

Ryan, John Thomas, on (’44) (CFJ), Gen, Mgr., 
Mine Safety eae Co., 201 N. Braddock 
Ave., Pittsburgh 8, 

Ryan, Robert tain’ eu s (JNGB), 101 Mc- 
Kinley Ave., Lansdowne, P 

Ryan, Warren W. (J’40) (ADE), Staff Sgt., 1601 
E. 5th St., Dayton 3, Ohio. 

Ryan, William Francis (17; 724; F’388) (SBL 
FE), Asst. Engrg. Mgr., Stone & Webster Engrg. 
Corp., 49 Federal St., Boston 7, Mass. 

Ryan, William John (’12; 36) (SF), Engr., 
Water Serv. Labs., 423 W. 126th St. , New York 
ie for mail, 403 W. 115th St., New York 25, 


Ryan, William R. (J’34) (ACS), Ch, Engr., 
Marine Div., Bendix Aviation Corp., 106 Nostrand 
Ave., Brooklyn pees is 

Rybkin, I, Z. (J’38), Apt. 50, 4 Machinostroenia 
St., Moscow 88, U.S.S.I 

Ryder, Fred, W, C30). “(BDFKSZ), Sales Mgr., 
EM Equip. Co., 4165 Flora Blvd., St. Louis 


; Mo. 
Ryder, George (J’42) (NYBM), Mech, Engr., 
Devel., Telautograph Corp., 16 W. 61st St., New 
York 23; for mail, 1693 f. 22nd 8t., Brooklyn 


29, N.Y. 

Ryder, William L. (J’89) (CM), Ensign, 
U.S.N.R., Design Unit, Bur. of Ord., Navy Dept., 
Calif. Inst. of Tech., Pasadena 4, Calif. 

Ryding, Herbert Charles (’00), Retired; Rhodes 
Circle, Birmingham 5, Ala 

Rynda, Joseph Theodore, "ar, (82) (ABJKOS), 
Elec. Engr., Power Heat, Commander-Larabee 
Milling Co., Boulevard Ave. ; ; for mail, 202 8.W. 
Elm Ave., Montgomery, Minn. 


Ss 


Saalfrank, R. Bartlett (’46) (O), Cons. Engr., 
Box 87, Gulfport 7, Fla. 

Saari, Thomas Arvo (J’ 41) (NYDMHA), Design 
Engr., Defiance Mch. Works, Inc., Perry & 8rd; 
for mail, 731 W. High, Deflance, Ohio. 

Saathoff, ‘George W. ('22) (SOFE), V.P., Elec. 
Advisers, Inc., 60 Wall Tower, New York B, Ns Xs 

Sabersky, "Rolf Heinrich (J’42) (HKABS), Devel. 
Engr., reer hd Engrg. Corp., 832 Irwindale Rd., 
Azusa, Cali 

Sabol, Roraatsy (J’46), 305 Wayne Ave., Lans- 
downe, Pa. 

Sachs, George (’43) (JPOA), Prof. Physical 
Metal., Case Sch. of Applied Sci., Cleveland 6, 


Ohio, 

Sachs, Henry (J’37) (BCHMLK), Mgr., Abco 
Metaleraft, 1008 N. Highland, Los Angeles 28; 
for mail, 1320 N. Alta Vista Blvd., Los Angeles 
46, Calif. 

Sachs, Joseph (’11) (ACJ), Research, Engrg. 
Devel., Invention & Pat. Consultant, 1900 Albany 
Ave., West Hartford 5, Conn. 

Sachs, Rudolph eee (BHK), 601 W. 118th St., 


New York 25, 
741) (KSLBJN), Mgr., Heat 


N 
Sack, Melvin (87; 
Exchanger Div. Henry Vogt Mch. Co., 10th & 


Or Sts.; for mail, 2833 Gladstone, Louis- 
ville 
Sackett, Robert Lemuel (’15; F’36) (COEMH), 


Manager, '32-’35, Vice- President, "85-87; Assis- 
tant to ‘Secretary, A.S.M.E. 2 for moil, 303 Lex- 
ington Ave., New York 16, 

Sacks, Martin Murray (J’ “By XORYSFZM), Proe- 
ess Devel. Engr., Spec. Engr. Det., Oak Ridge, 
Tenn. 

Sackson, Murray (J’42) (ABE), Brewster Aero. 
Corp., Long ag Bh) for mail, 190 Waverly 
Pi, New ork, 

Saco, Feliz, Jr. G40) (KESABY), Research & 
Devel. Engr., Maxim Silencer Co., 85 Homestead 
7h 5 for mul, 404 Farmington ‘Ave., Hartford, 


daen Cornelius Robinson (713) (KMS), 426— 
4th Ave., Patterson Heights, Beaver Falls, Pa. 
Badler, J. H, (’28; ’25) (BS), Mech. Supt., Steam 
Div., Duke Power Co., Box 338, Mt. Holly, N.C, 
Sadowsky, Michael Alexander (43) (B), Assoc. 
Prof. Math., Ill. Inst. of Tech., 2300 Fe eral St., 

Chicago 16, Il. 

Sadwith, Howard Marvin (J’238) (CLMDK), V.P., 
Indus. Washing Mch. Corp., 289 Burnet St. New 
ya aaa for mail, 725 Pemberton Ave., Plain- 

eld, N.J. 
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SALKIN 


Saenger, David Mangold (J’46) (OK), 607 San 
Miguel, Berkeley, Calif. 

ig kl ah George Waldemar (’19;’'85) (OML 
DF), Managing Dir., Maize Products Pty. Ltd., 
Footseray, W. 11, Victoria, Australia. 

Saff, Leonard Carl (346) (GJM), 
Fabricated Steel Co., 
821 KE. 5th St., Jamestown, NEA 

Safford, Joseph Frederick (J’41) (SOFZHK), 
Mech, Engr., E. I. du Pont de Nemours & Oo., 
Waynesboro, Va. 

Sage, Darrow (’15) (SCFKE), Mech. Oper. Engr., 
Pub. Serv. Elec, & Gas Co,., 80 Park Pl., New- 


ark 1, N.J. 
Sager, E. H. (’23;’'85) (CJM), Lt. Col., Chief, 
Prod. Serv., St. Louis Dist. Ord. Office, U.S. 
Court & Customs House, St. iat for mail, 
1020 N. Harrison Ave., Kirkwood, 
Sager, Norbert William ('27; 33; *85) carey 
Ch, Steam Plant Engr., Pub. Serv, Dept., 172 W 
Burbank, 


Magnolia; for mail, 1027 E. Grinnell, 
45) (OKM), Gen. 


Calif. 

Saginor, Sidney Victor (’38; 

Mgr., Davey Compressor Co., 266 N. Water St.; 
for mail, 900 Byrce Rd., Kent, Ohio. 

Sagstetter, W. H. (41) (R), Ch. Mech. Officer, 
Denver & Rio Grande West. RR. Co., 1531 Stout 
St., Denver 1, Colo. 

Saharoff, A. V. ('25) (EL), Cons. Engr., Oom- 
pressor Div., Worthington Pump & boon Corp., 
Clinton & Robert Sts. ., Buffalo, N. 

Sahlstrom, Roy (J’46) (SZ), Tae Murphy ©o., 
10 N. Clark St., Chicago; for mail, 8286 Bal- 
moral Ave., Chicago 265, Ill. 

Sahmel, Viggo Karl (’14) (BEOSZ), Elec. Engr., 
F. L. Smidth & Co., 11 W. 42nd St., New York 


18, N.Y. 

Sailliard, John Hector (’87) (MBZO), Mem. 
Tech. Staff, Bell Tel. Labs., Inc., 463 West St., 
New York 14, N.Y. 

St, Clair, Clinton Draper (’20;’26;’85) (OSM), 
V.P., Manning, Maxwell & Moore, Inec., 6 Watson 
St., Boston 65; for mail, 157 Fuller St., West 
Newton 65, Mass. 

St. Clair, David William (J’44), U.S. Army; 
Box 868, Staunton, Va. 

St. Clair, Frederick Grant (31; ’41) (SFKE), 

8t. Louis 5, Mo. 


Supvg. Engr., Washington Univ., 
St. Clair, Oscar Allen (’30) (OMGO), Prof. & 


Jamestown 
185 Hopkins ‘Ave. 3 for mail, 


Head, Dept. of Indus. Engrg. & Engrg, Draw- 
ing, Tex. Tech. College, Lubbock, Tex, 
St. Eve, Edward J. (J’39) (JLMNCH), Indus. 


Engr., Roller Bearing Co, of Am., 4080 Chouteau 
Ave., St. Louis 10, Mo. 

8t. John, Elbert D. (’81; 785) (SFOKHO), Kan. 
Gas & Elec. Co., Box 208, Wichita 1, Kan. 

St. John, Stuart B, ir ’35) (CMBHND), Sales 
Engr., Heald Mch. Co., New Bond St., Worcester 
6; for mail, 7 Hapgood Way, Shrewsbury, Mass. 

St. Lawrence, John (17) (CLMN), Asst. Works 
Mgr., Gen. Elec. Co., 2901 I. Lake Rd., Erie, Pa, 

Sait, Alfred John Ww 48) (ABMCDK), Super- 
charger Engrg. Div., Bldg. 2-82, Gen, lee, Co., 
Lynn, Mass. 

Salathe, Lloyd Walter (J’46), Ensign, U.S.N.R. ; 
1623 Lesseps St., New Orleans, La. 

Saldin, Harvey B, (J’89) (BANEZ), Sec. Engr., 
Aviation Gas Turbine Lab., Westinghouse Elec, 
Corp., Lester Branch P.O., Philadelphia 18; for 
mail, 627—8th Ave., Prospect Park, Pa, 


Salecker, Anton (J’37) (ZLMJ), Engr., Bell Tel. 


Labs., 463 West St., New York; for mail, Roose- 
velt Ave., Syosset, L.I., 

Salemme, Vincent James (J’43) (MNBJCD), 
Asst. Engr., West Side Ave. Plant, West. Hlec, 
Co., Inc., Jersey City, N.J.; for ‘mail, 4348— 
196th St., Flushing, N.Y. 

Salibian, Mihran Hampartzoom (J’45) (CDM 
TYS), Engr., Dadourian Export Corp., 25 Bliza- 
beth St., New York 13 110-40—70th 


; for mail, 
Ave,, Forest Hills, 1.1, Xr 


Balimbene, Rocco C. (J’40) (BHS), 2nd Lt, 
U.S.A., 16th Engr. Bn. (A), It. Knox, Ky. 
Salisbury, Allen (J’29) (YAKLZO), Engr., Dow 


Chem. Co.; for mail, 1414 Ashman St., Mid- 
land, Mich, 

Salisbury, Chester Riley (J’44) (MSNHO), En- 
sign, U.S.N.R., Engrg. Officer, LST-484, F.P.0., 
Be Francisco ; for mail, 788 N. 9th St., Colton, 
Yalif. 

Salisbury, Donald Worcester ('42) (KIEL), 
Pres., Southwest. Engrg. Co., Inc., 90 West St., 
New York 6, N.Y 

Salisbury, Harold G. (J’82) (ZAG), Designer, 
Gen. Engrg. Lab., Gen. Elec, Co., 1 River Rd., 
Schenectady; for mail, 288—5th Ave. N., Troy, 
N.Y. 

Salisbury, J. Kenneth (’30;’42) (ESFABK), 
Melville Medallist, ’42; Gen. Wee. Co., Sche- 


nectady 5; for mail, 2112 Niskayuna Dr., Sche- 
nectady 8, 

Salisbury, Robert William (’16) (BJR), Sr. 
Mech. Engr., Rail Div., Office of Pres., Trans. 
Corps Bd., U.S.A., N.Y. Port of Embarkation, 
68th St. & Ist Ave., Brooklyn; for mail, 270 
College Ave,, Staten Island 2, N.Y. 

Salkeld, Alan Bertram (’44) (BOJK), Devel. 
& Sales Engr., Steel Processing Co., 212 Wood 
St., Pittsburgh 21; for mail, 1781 Jamestown 
Pl., Pittsburgh 22, Pa. 

Balkin, Max ('43) (MJB), Sr. 
cisco Ord. Dist., 
cisco 1; for mail, 
cisco 16, Calif, 


Engr., San Fran- 
100 McAllister St., San Fran- 
901 Portola Dr., San Fran- 


SALLMANN 


Sallmann, Gerard (J’37) (FEZK), Process De- 
sign Engr., Lummus Co., 420 Lexington Ave., 
New og 17; for mail, 235 E. 22nd St., New 


York 10, N.Y. 
David M, (J’41) (EFKSRA), Box 212, 
Salma, Emanuel A, (32; ’41) (BSE), Instr. in 


Mech. Engrg., Cooper Union, Cooper Sq., New 
York 3; for ‘mail, 220 E. 71st St., New York 


Ot, Mies 

Salminen, Adolph August (J’42) (MJCDBL), 
Tech. Asst., Am. Steel & Wire Co., 238 Fair- 
mount Ave., New Haven, Conn.; for mail, 6 
Watch St., Rochdale, Mass. 

Salmon, Fred A., Sr. (’45) (CBK), Ch. Engr., 
Simplicity System Co.; for mail, 416 Sioux 
Trail, Chattanooga, Tenn. 

Salmon, Joseph Harold (’24;’31) (CFE), Asst. 
to Pres., Shell Oil Co., Inc., 50 W. 50th St., 
New York 20; for mail, 625 The Parkway, 

785) (SFC 


Mamaroneck, N.Y. 

Salmon, Philip Alexander (’25; 735; 
EHM), Asst. Engr., Elec. Engrg. Dept., Pub. 
Serv. Elec. & Gas Co., 80 Park Pl, Newark 1; 
for mail, 16 Tulip Lane, Short Hills, N.J. 

Salmonsen, Robert C21; 727;°32) (BCESDF), 
Asst: Mio. VPs, ol: Smidth & Co., Suite 2400, 
11 W. 42nd St., New York 18, N.Y. 

Salo, Eric August (’45) (FSKCBZ), Asst. Mech. 
Engr., N.Y. State Elec. & Gas Corp., 62 Henry 
oe Binghamton ; for mail, R.D. 2, Endicott, 


Batomameon, John Elmer (J’38) (CA), Asst. 
Engr., Pacific Tel. & Tel. Co., 74 Otis St., San 
Francisco ; for mail, Apt. 402, 2655 Polk 8t., 
San Francisco 9, Calif. 

Salter, Milo Junior (3’48), West Bend, Wis. 

Salter, Tom (J’42) (AC), Cons. Engr., Cessna 
Aircraft Co., Wichita; for mail, 140 N. Clifton, 
Wichita 8, Kan 

Saltz, Fred (J’ 44) (NB), Designer, R. Hoe & Co., 
138th St., Bronx; for ‘mail, 6541 Saunders St., 
Forest Hills, N.Y. 

Saltzer, Bertram Hanson (’40) (CAE), Engrg. 
Staff Asst., Wish Aero. Corp., Beckwith Ave., 
Paterson Bg N.J 

Salvage, Maurice (J’39) (BFKS), Asst. Engr., 
Consltd. Edison Co. of N.Y., Inc., 4 Irving P1., 
New York 8; for mail, 1101 Union St., Brook- 
lyn 25, N.Y. 

Salveson, Melvin Erwin (J’43) (CMNHBL), Lt. 
Comdr., U.S.N.R., Asst. Force Engr., Submarine 
Force, Atlantic Fleet, F.P.0., New io Be Gee 
for mail, Box 53, R.F.D. i, Old Lym onn, 

Salzman, ‘Carl Ernest (3°33) CHOEBDI). Plant 
Engr., Harding Glass ee ; for mail, 1023 S. 
17th Bt, Ft. Smith, Ark. 

Salzman, William Boyd (J’41) (SKF), Serv. 
Engr., Combustion Engrg. Co., Inc., 200 Madi- 
son Ave., New York 16, N.Y.; for mail, 412 
Wa-Pella Ave., Mt. Prospect, Ill. 

Samans, Walter (’20) (OBSDEL), Admin. Engr., 
Sun Oil Co., 1608 Walnut St., Philadelphia 3, 


Pa. 

Sambach, Warren Austin (J’43) (OHKNCA), 
Mech. Engr., Design, with Otto J. Sambach, 
Cons. Engr., 51 Chambers St., New York; for 
mail, 2882 Valentine Ave., New York 58, N.Y. 

Samburoff, Serge N. (J’41) (ASBH), Assoc. 
Engr., Aircraft Design, Engrg. & Research Corp., 
Riverdale ; for mail, 4207 Tuckerman St., Hyatts- 
ville, Md. 

Sammis, Edward A. (J’40) (ABZ), Project Engr., 
Research Labs., Sperry Gyroscope Co., Ine., 
Garden City; for mail, R.F.D., Roslyn, N.Y. 

beter Las (J’43), 45 Remsen St., Brooklyn 

Samp, Carl Fred (J’37) OD Lt., U.S.N.R., 
Inspr. of Naval Matl., U.S.N., Niels Esperson 
Bldg., Houston 2; for. mail, 3405 N. Shepherd, 
Houston 8, Tex. 

Sample, Sam Steele (’44) (ESKL), ue N. Old 
Orchard Ave., Webster Groves 19, 

Sampson, Edwin M, (J’19) (ACD), Brod. Mer., 
Felber Biscuit Co., Grant Ave. & McCoy St., 
Columbus. Ohio. 

Sampson, Harold §. (oe 41) (CEF), 131 W. Elliott 
Ave., Springfield, Ill 

Sampson, Merritt B. (J’40), Asst. Ch. Engr., 
Motch & Merryweather Mchy. Oo., Penton Bldg., 
W. 3rd & Lakeside Ave., Cleveland 13; for mail, 
11848 Lake Ave. 12, Lakewood 7, Ohio. 

Sampson, Robert George (J’46), 514 Wyoming 
Ave., Millburn, N.J. 

Sampter, Herbert C. (’16;°22;735) (CDW), 
Factory Mgr., Blaisdell Pencil Co., 52 Church 
Lane, Philadelphia 44, Pa. 

Sams, Bruce Jones (’25;’85) (DEFKMO), Dist. 
Engr., So. Cotton Oil Oo., Lathrop Ave.; for 
mail, 526 E. 41st St., Savannah, Ga. 

Sams, James Hagood, Jr. (’382;’37) (AEH), 
Prof. Mech. Engrg., Sch. of Engrg., Clemson 
Agric. College; for mail, 113 N. Clemson Ave., 
Clemson, S.C. 

Samson, James Brunton (’45) (CJM), Works 
Mgr., Ransome & Marles Bearing Co. Ltd.; for 
mail, 35 Winchilsea Ave., Newark-on-Trent, 
Nottingham, England. 

Samuel, Alan Julian (J’43) (KBMNAJ), Apt. 4, 
510—24th Ave., San Francisco, Calif. 
Samuel, Edward, Jr. (J’41) (LKH), 
Hercules Powder Co., Hattiesburg, Miss. 
Samuel, Hubert D., Jr. (J’40) (AJM), Mech. 
Design Engr., W. J. Voit Rubber Corp., 1600 
E. 25th St., Los Angeles 11; for mail, 424 N. 

Edinburgh Ave., Los Angeles 36, Calif. 


Engr., 


Samuels, Sidney (’45) (BSKHF), Pres., Sidney 
Samuels, Inc., 165 Amsterdam Ave., New York 
23; for mail, 245 W. 107th St., New York 26, 


Devs 
ig T, William (J’32) (CDM), Bardstown, 


y. 
Sanborn, Elmer Edward (’31;’35) (AEFSYK), 
Automotive Engr., Natl. Carbon Co., Inc., 30 
E. 42nd St., New York 17, N.Y.; for mail, 3429 
Lenox Rd., N.E., Atlanta, Ga. 

Sanclemente, Amaury Hipolito (J’45) (EFHN 
CR), Engr., Marketing Dept., Tropical Oil Co., 
Box 570, Bogot4, Colombia, S.A, 

Sandberg, Ray Alfred (A’45) (BMLN), Ch. 
Engr., Oakes N. Chicago Div., Houdaille Her- 
shey Corp., Foss Park Ave., North Chicago, Ill. 


Sandbrook, John Wayne (J’40) (CELKJM), 
2920 W. Lloyd St., Pensacola, Fla. 
Sanders, Albert Michael (J’41) (CMAD), Lt., 


Army Air Forces,- Matagorda Peninsula, Foster 
Field, Tex.; for mail, 67-70 Yellowstone Blvyd., 
Forest Hills, N.Y. 

Sanders, Jas. Corbin (’23;’35) (MRT), Pres., 
Treas., J. C. Sanders Cotton Mill Co., Inc., Box 
1296, Mobile, Ala. 

Sanders, John Claytor (J’37) (AEKFJ), Mech. 
Engr., Natl. Advis. Com. for Aero., Mun. Air- 
port, Cleveland; for mail, 17422 Lake Ave., 
Cleveland 7, Ohio. 

Sanders, Leon Herning (J’39) (CNSJMD), Staff 
& Plant Engrg., Babcock & Wilcox Co., Sterling 


rie for mail, 611 Charles Ave., Barberton, 
Ohio. 
Sanders, Murray Allan (J’45), Engr., Publix 


Metal Products, Inc., 100—6th Ave., New York; 
MG Gas 67-70 Yellowstone Blvd., Forest Hills, 


Sanders, Victor David (J’ 43) (KHB), Research 
Engr., Rm. 207, Calif. Hall, Univ. of Calif., 
Berkeley ; for mail, 2317 Le Conte Ave., Berke- 
ley 4, Calif. 

Sanders, Walter C. (’17;’21;’85) (RCJMB), 
Gen. Mgr., Ry. Div., Timken Roller Bearing Co 
1835 Dueber Ave., Canton 6, Ohio. 

Sanderson, Robert R. (223 785) (AE), 181 Sus- 
sex Dr., Manhasset, L.I. 

Sanderson, Victor Louis (’41) (STL), Partner, 
Sanderson & Bradford, 1710 Walnut St., Phila- 
delphia 3, Pa. 

Sandgren, Marvin Arthur (J’42) (BMAY), 4147 
Emerson Ave. N., Minneapolis 12, Minn. 

Sandiford, Arthur (J’39) (CRSJ), Technician, 
Gibbs & Cox, Inc., 1 Broadway, New York 4; 
for mail, 88 E. 75th St., New York 21, N.Y. 

Sandison, Alexander G. §. (740) (KNSWZ), Asst. 
Ch. Engr., Waterous, tees ; for mail, 65 Brant 
Ave., Brantford, Ont. 

Sandland, Clifford iinet (J’41) (KLEHF), 
Process Engr., C. F. Braun & Co., 1000 8S. Fre- 
mont Ave., Alhambra ; for mail, 2422 S. Oak 
Knoll, San Marino 9, Calif. 

Sandor, George (J’41) (GCNMY), Ch. Engr., with 
Harry W. Faeber, Ptg. a Consultant, 551— 
5th Ave., New York 20, 

Sandorff, Paul Edwin ree 43) (ABJYMG), Re- 
search Ener., Lockheed Aircraft Corp., Burbank ; 
ee paws 8460 Rowena Ave., Los Angeles 27, 

ali 

Sandowski, Wladyslaw (J’44), Asst. Ch. Engr., 
Equi- Flow, Inc., 1841 Broadway, New York; 
for mail, 755 Ocean Ave. , Brooklyn 26, N.Y. 

Sands, William Robert, Jr. (’46) (CKS), a 
Power Consultant, Edge Moor Plant, E. 
du Pont de Nemours & Co.; ; for mail, 6 Gertie 
Court, Villa Monterey, Wilmington, De ib 

San Fanandre, Albert John (J’44), 45 Ella St., 
Valley Stream, N.Y. 

Sanford, Leigh Russell (’21), 4420 Brandywine 
St., N.W., Washington 16 Cc 


Sangster, William (’94;'02) (HJNW), Engr., 
aenhes Co. Ltd., 113 Park St., Peterborough, 
Ont. 


Can 
Santaclla, Jose Antonio (J’42), Box 269, Ponce, 
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gta Car Co.; for mail, 2752 Tyler, Detroit 
» Mich. 
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Award, ’30; Pat. Liaison Engr., Eclipse-Pioneer 
Div., Bendix Aviation Corp., Teterboro ; Bus mail, 
375 Warwick Ave., West Englewood, NJ 

Smith, Edric Brooks C13'385)), Business Mer., 
Rockefeller Inst. of Medical Research, 66th St. 
& York Ave., New York, 

Smith, Edward Arthur Clee (ONDBSC), Equip. 
Ener., Raymond Concrete Pile Co., 140 Cedar 
St., New York 6, N.Y.; for mail, 30 Edgewood 
Rd, Chatham, Nv. 

Smith, Edward Sherman (J’45) (YLTNBG), Ch. 
Engr., Plastic Coating Oorp., Holyoke; for mail, 
Woodbridge Terrace, South Hadley, Mass. 

Smith, Edwin Dwight (714) (DAMS), Plant 
Engr., Natl. eek Register Co., Main & K Sts., 
Dayton 9, Ohi 

Smith, Edwin itowis (42) (SKFE), Ch. Engr., 
Harry R. Byers, Inc., U.S. Natl. Bank Bldg., 
Denver; for mail, 723—19th St., Boulder, Colo. 

Smith, Edwin R. (’21;’35) (BOM), V.P., Gen. 
Megr., Seneca Falls Meh. Co,, 314-40 Fall St., 
Seneca Falls, N.Y. 

Smith, Elbridge Milton ies (ABMNO), 125th 
Naval Constr. Bn., F. San Francisco, Calif. 
for mail, 86 Bolton Aree “White Plains, N.Y. 

Smith, Elliott Dunlap (740) (CM), Provost, Car- 
meal Inst. of Tech., Schenley Pk., Pittsburgh 13, 


smith, Elliott Earl (’25) (SFRHKZ), Ch. Engr., 
Scranton Elec. Co., 507 Linden St., Scranton 3; 
for mail, 1516 N. "Webster, Scranton Osbae 

Smith, Elmer (718) (SEC), Steam Turbine Spe- 
cialist, Gen. Elec. Co., 140 Federal St., Boston 1; 
for mail, 70 Pinckney St., Boston 14, Mass. 

Smith, Elmer (’44) (CEFKSZ), Gen. Supt., 
Owensboro Mun, Utilities, Box 780; for mail, 
116 W. 17th St., Owensboro, Ky. 

Smith, Elwyn Ta (719 ; °25; 334). Mem. of Firm, 
L. ©. Smith & Corona Typewriters, Ine., 701 E. 
Washington St., Syracuse, N.Y. 

Smith, Emerson Warfield (J’44) (ANHKO), 
Aviation Electronics Technician’s Mate, 2nd 
Class, U.S.N.R., Naval Auxiliary Air Sta., Chin- 
coteague, Va.; for mail, 226 S. Elm St., Hen- 
derson, Ky. 

Smith, Eric Hooper (’32;’38) (FSJNKC), Ch. 
Engr., Riley Stoker Corp., 9 Neponset St., 
Worcester; for mail, 22 Moreland St., Worcester 


2, Mass. 

Smith, Francis Carroway (’37;’41) (ELS), 

Editor-in-Chief, Southern Power and Industry, 

Grant Bldg., Atlanta 3, Ga. 

Smith, Frank E, (’31) AE AED Devel. Engr., 
E. I. du Pont de Nemours & Co.; for mail, 2907 
Lewiston Rd., Niagara Falls, WY. 

Smith, Frank ‘Fenton (J’44) (NHMCAB), Engr., 
Dowty Equip. KCanesa) Ltd., 999 Aqueduct St., 
Montreal 8, Que., Can. 

Smith, Frank J, (045) (OSZFLM), Cons. 
Girard Trust Bldg., Philadelphia 2, Pa. 

Smith, Frank Wesley (44) (JMBN), New Eng- 
land Megr., D. A. Stuart Oil Co., Ltd., 803 Park 
Sq. Bldg., 31 St. James Ave., Boston 16, Mass. 

Smith, Fred Bradshaw (J’36) (NBCM), Asst. 
Engrg. Officer, Ord. Dept., U.S.A., Watervliet 
See Watervliet; for mail, R.D. 1, Cohoes, 


Engr., 


Smith, Frederick Tucker (J’48) (ACBE), Lt. 
(j-g.), U.S.N.R., Asst. Engrg. Officer, N., 
Air Trans. Sqd. ae VR-1, Naval Air Sta., Patux- 
ent River, Md. 

Smith, George-Glenwood (J’38) (CBM), Mem. 
Tech. Staff, Bell Tel. Labs., Inc., 463 West St., 
New York 14, N.Y. 

Smith, George Hillier (43) (DBKLN), Provin- 
cial Engrg. Rep., William & J. G. Greey Co., 
Ltd., 56 Esplanade St., Toronto 1, Ont.; for 
mail, 6184 Notre Dame DeGrace Ave., Mon- 
treal 28, Que., Can. 

Smith, George W. (J’388) (CDM), 4464 Albert 
St., ‘Lima, Ohio. 

Smith, George Wetherall (729; ’85) (BZS), Gen. 
Mgr., Hagan Corp., Hagan Blde., Pittsburgh 30; 
for mail, 1121 Wichtman St., Pittsburgh, Pa. 

Smith, Gerald Edward (J’87), Maj., Royal Cana- 
dian Engrs., Can. Army, O.M.F., 4th Canadian 
Field Park Sqd.; for mail, 52 Parkway Ave., 
Toronto 3, Ont., Can. 

Smith, Gerald Leonard (’36;°45) (CMDJ), In- 
dus. Engr., York Ice Mchy. Corp., Roosevelt 
Ave.; for mail, 1484—1st Ave., York, Pa 

Smith, Glenn Kitterman (J’42), Mech. Engr., 
Natl. Starch Products, Inc., 1515 S. Drover St., 
Indianapolis 6; for mail, 603 W. North St., 
Greenfield, Ind. 

Smith, Grant F. (J’43) (EAJF), Box 181, Ririe, 
Idaho, 

Smith, Guy P. (J’43) (LMN), Ch. Draftsman, 
Stupakoff Ceramic & Mfg. Co.; for mail, R.D. 1, 
Latrobe, Pa. 

Smith, H. Pearson (’35;’35) (BLS), Indus. 
Salesman, 27 S. Main St., Windsor Locks, Conn. 

Smith, H, Raymond (’16), Mech. Engr., Raymond 
Conerete Pile Co., 140 Cedar Sts New York 6, 


Smith, Harold A. (J’41), Lt., U.S.A., Retired; 
2208 Oakland Ave., Covington, Ky. 
Smith, Harold Ansorge (’32;’41) (ESABFC), 
cree M.M., Stand. Oil Co. of Ind., Sugar Creek, 
0. 
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Smith, Harold L, (’29) (EFS), Mech. Engr., | 
Buffalo, Niagara Elec. Corp., Elec. Bldg., Buf- | 
falo; for mail, Freeman Rd., Orchard Park, N.Y, | 

Smith, Harold Thomas (J’41) (EFJZ), “Mech. | 
Engr., Naval Engrg. Exper. Sta., Annapolis, Md. | 

Smith, Harry A. (’29;’35) (BKEA), Pres., 
Engrg. Specialties Oo., ‘Inc., 89 Cortlandt St., 
New York 7, N.Y. 

Smith, Harry Gray (’44), Ch. Field Engr., | 
Smith Meter Co., 5743 Smithway St., Los Ange- | 
les; for mail, 445 N. Oakland, Pasadena, Calif. | 

Smith, Harry James (’21) (BEKOS), Retired ; | 
201 Wawona St., San Francisco 16, Calif. 

Smith, Harry 0p (42) (BMT), 562 Main St., 
Saco, Me. 

Smith, Harry White, Jr. (’44) (DKL), V.-P., | 
Gen. Megr., Tech. Information, Tech. Adv., John | 
Mather Lupton Co., Inc., 420 Lexington Ave., 
New York 17; for mail, 66 Milton Rd. (H-51), 


Rye, N.Y. 

Smith, Hartley LeH. (’28) (BFK), Bd. of Trans., 
Rm. 510, 250 Hudson St., New York, N.Y. 
Smith, Hartley Perry (44) (CDM), Assembly 
Supvr., Underwood Corp., 581 Capitol Ave., 
Hartford 6; for mail, 32 Alton St., Manchester, 

Conn. 

Smith, Henry Eugene (J’44) (NKLOHT), Engrg. 
Dept., Tenn. Eastman Corp., Box 511; for mail, 
308 W. Ravine Rd., Kingsport, Tenn. 

Smith, Henry R. (’ 30), Mar. Supt., Colonial Bea- 
con Oil Co., Everett; for mail, 9 Staples St., 
Melrose, Mass. 

Smith, Henry §, 
Air Products Sa 30 E. 
N.Y. 

Smith, Herbert James (’13;’26) (OM), Pres., 
Threadwell Tap & Die Co.; for mail, 5 
Bernardston Rd., Greenfield, Mass. 

Smith, Herbert Stanley (J’45) (NMOCE), 
Draftsman, Canadian Sumner Iron Works Ltd., 
3550 E. Broadway ; for mail, 2449 Point Grey 

an. 


Rd., Vancouver, B.O., ; 
Smith, Herman Elmo, Jr, (J’44) (ACEHMS), 


(19) (FJ), Cons. Engr., Linde 
42nd St., New York, 


Maj., Engrg. Officer, Army Air Forces, 2719 
N.W. 18th St., Oklahoma’ City 7, Okla. 
Smith, Hiram Gordon (’30) (SKZFB), Mech. 


Engr., E. I, du Pont de Nemours & Oo., Sta. B, 
Buffalo ; for mail, 294 Brantwood Rd., Snyder, 
N.Y. 


Smith, Howard Thomas (J’43) (ASBHKE), 3520 
Central Pl., Normandy 20, Mo. 

Smith, Howard Wells (’92;’18) (JBOS), Cons. 
Engr., Box 349, Ellwood City, Pa. 

Smith, Howard William (J’41) (BCS), 
Oakland Ave., Covington, Ky. 

Smith, Hugh Taylor, Jr. (J’37) (RMDNCZ), 
Process Engr., Gen. Mchy. Ord. Oorp., South 
Charleston; for mail, 603 E St., South Charles- 
ton 3, W.Va. 

Smith, Miss Irma M. (J’38) (MOA), Prod. 
Supvr., R. G. Smith Tool & Mfg. Oo., 245 South 
St., Newark 5, N.J. 

Smith, Irvine Wray (’38;’44) (NBJMKZ), Asst. 
Prof. Mech. Engrg., Univ. of Toronto; for mail, 
Apt. 11, 40 Hazelton Ave., Toronto 5, Ont., Can. 

Smith, J. Darrell (’30) (FRS), Asst. Engr., 
Philadelphia & Reading Coal & Iron Co.; for 
mail, 1808 Howard Ave., Pottsville, Pa. 

Smith, J. F. Downie (’24; ’33; ’35) (NYKHBO), 
Head, Engrg. Dept., Research Div., United Shoe 
Mchy. Corp., Balch St., Beverly, Mass. 

Smith, J. Jos. (J’36) (SFEZOCJ), 
Officer, U.S.N., U.S.S. Leon, F.P.0., New York; 
for mail, 25-10—30th Rd., Astoria, L.I., N.Y. 

Smith, Jack Theodore (J’45) (EFS), Serv. Engr., 
Peabody Engrg. Corp., 580—5th Ave., New 
York; for mail, 52 Mitchell Ave., Yonkers, N.Y. 

Smith, ‘James K, (J’44) (CLP), 1216 S. Corning 
St., Los Angeles 35, Calif. 

Smith, James Uriel (’28) (BN), Retired: 2477 
Virginia St., Berkeley 4, Calif. 

Smith, Jesse Lloyd (J’46) (BKS), U.S. Navy; 
233 Juniper St., Quakertown, Pa. 

Smith, John Edward (J’46), Lt., U.S.N.R., 4216 
Adams St., Kansas City, Kan. 

Smith, John Frederick (’39) (B), Pat. Counsel, 
Compo Shoe Mchy. Corp., 150 Causeway St., 
Boston 14, Mass. 

Smith, John Hays (’22) (OFSKLE), Cons. Engr., 
527 Bakewell Bldg., Pittsburgh; for mail, 6521 
Darlington Rd., Pittsburgh 17, Pa. 

Smith, John William (J’40) (LOB), Mech. Engr., 
Giffels & Vallet, Inc., 1000 Marquette Bldg., 
Detroit; for mail, 16697 Lauder Ave., Detroit 
27, Mich. 

Smith, Joseph Emmons (J’42) (ABM), 451 W. 
Kirby Ave., Detroit, Mich. 

Smith, Kenneth Morris (J’39) (MLDCYN), Fdy. 
Engr., Caterpillar Tractor Co., East Peoria; for 
mail, 203 Flora, Peoria 5, Ill. 

Smith, LaRue (’39) (HLS), Pres., Smith-Monroe 
Co., 1910-12 S. Main St., South Bend, Ind. 

Smith, Lawrence Abner (J’44) (ABHKSN), 
Aviation Boatswain’s Mate, U.S.S. Midway, CVB- 
41, F.P.0., New York, N.Y.; for mail, Yeso, 
New Mex. ¥ 

Smith, Le Roy Franklin (’44) (PKS), Mech. 
Engr., Ebasco Services Inc., 2 Rector St., New 
York 6, N.Y.; for mail, 79 Lilac St., Bergen- 
field, NiJ. 

Smith, Lester Courtland (740) (BDJN), Ch. 
Engr., Spencer Turbine ©Co., Hartford 6, Conn. 


2208 


‘Ch. _Petty 


if 


5 
aa 


|) Smith, Lewis Cheyney, Jr. 


(J’?89) (A), Serv. 
Carburetor Engr., 


Wright Aero. Corp., Paterson 
| 8; for_mail, 259 BE. 33rd St., Paterson 4, N.J 
smith, Lewis F. (J’41) (ABE), Lt., 


U.S.N.R., 
113 E. Genesee St., Auburn, N. 
“smith, Lloyd Lyman (’20) (DEFJKS), Mgr., 


Lloyd L. Smith Co., 605 Plymouth Bldg., Minne- 
apolis 2, Minn. 

| Smith, Louis Golden (’23; 27; 35) (CFS), Asst. 

- to Gen. Supt., Elec. Operas., Consltd. Gas, Elec. 
Light & Power Co. of Baltimore, Lexington & 
Liberty Sts., Baltimore 3; for mail, 3508 New- 
land Rd., Baltimore 18, Ma: 

‘smith, Louis H., V. (J’40), 596 Monroe Ave., 

' Rochester, N.Y. 

(Smith, Malcolm H. (18; pe (CJL), 62 Green 

“Valley Rd., Wallingford, P: 

fSmith, Mark E. (’34), Ch. Engr., Union Iron 

- Works; for mail, 227 W. 18th St., Erie, Pa. 

Smith, Marshall M. (’29;’35) (QJ), Asst. Gen. 
Sales Mgr., E. W. Bliss Co., 450 Amsterdam, 


Detroit 2, Mich. 
Marvin Wadsworth (’43) (SRECJL), 
Westinghouse Elec. 


V.P., Charge of Engrg., 

Corp., 306—4th Ave., Pittsburgh 30; for mail, 

800 Valley View Rd., Pittsburgh 16, Pa. 
‘Smith, Morgan Garsed (J’40) (CEFKMO), Cons. 
- Mech, Engr., 2708 San Pedro St., Austin 21, Tex. 
“Smith, Morris S, (J’25) (SROMN), Mech. & 

Metal. Engr., J. R. Johnson & Co. Inc., 2400 
Maury St., Richmond 24; for mail, Box 345, 
R.F.D. 9, Richmond, Va. 

Ssmith, Norman Leslie (’27; ’35) (DOMO), Engr., 
Charge of Fdy. Equip. Div., Link-Belt Co., 2045 

- W. Hunting Park Ave., Philadelphia 40, Pa.; 
for mail, 105 Ogden Ave., Collingswood, N.J. 

“Smith, Oliver Hobson (’44) (ECFS), pf Se Gas 
Prod., Consltd. Bee Co. of N.Y., Inc., 4 Irving 
Lae New York 3, 

“igmith, Paul Baten ee) (KHCB), 256 Bur- 
well, Bremerton, Wash. 

smith, Paul Eugene (J’45), 1919 Glenn Ave., 
___ Columbus, Ohio. 

‘Smith, Philip Herbert (J’44), 609 S. Los Robles, 

: Pasadena 5, Calif. 

‘Smith, Philip St. (J’40) (CDL), Capt., 330 Felix, 

_ Muskogee, Okla. 

WSmith, Prescott A. (J’85) (CJM), R.F.D. 1, 

_ Monument St., Concord, Mass. 

“Smith, Ralph Edward (44) (DJBN), 
Engr., Manning, Maxwell 
for mail, 553 W. 

_ Mich. 

Smith, Ralph R. 
Head, New Product Devel., 
401 Gage St.; for mail, 
Bennington, Vt. 

“Smith, Randolph Monroe (J’85) (COZKBA), 

- Ool., Ord. Dept., U.S.A., Chief, Tool & Equip. 
Sub-Office, Office of Ch. of Ord., Union Guardian 
Bldg., Detroit 32; for mail, 8100 E. Jefferson 

_ Ave., Detroit 14, Mich. 

‘smith, Ray M. (744) (RKJ), Ch. Mech. Engr., 

8 Union Tank Car Oo., 228 N. La Salle St., Chicago 
“smith, Reginald C. (26; 85) (CLMDOS), Proj- 

ect Engr., H. K. Ferguson Co., Hanna Bldg., 
Cleveland, Ohio; for mail, 240 Pine Lake Ave., 

- La Porte, Ind. 

WSmith, Reuel Lhamon (32; ’35) (NEBH), Assoc. 
* Prof. Mech. Engrg., Univ. of Cincinnati, Cin- 

cinnati 21, Ohio. 

(smith, Richard Bayly (44) (uy), Rm. 802, 

- 40 W. 40th St., New York 18, N.Y. 

Smith, Richard Frazier (J’46) (JLM), Engrg. 
- Dept., Bucyrus-Erie Co.; for mail, Box 147-5, 
eS. Chicago Ave., South Milwaukee, Wis. 
eth, Richard W. (J’40) (BMJ), Pvt., U.S.A., 

P.O. 502, c/o Postmaster, San Francisco ; for 
ay 2215 Rose St., Berkeley 7, Calif. 

dere Robert A., Jr. (J’40) (GJM), Asst. Supt. 
- of Welding, Fairbanks, Morse & Co., Lawton 

-_ Ave.; for mail, 1320 Emerson St., Beloit, Wis. 
Smith, Robert Douglas (J’45) (EAKB), Gradu- 

ate Mech. Engrg. Student, Mass. Inst. of Tech., 
‘pai for mail, 9 Staples St., Melrose 76, 

: ass. 

‘Smith, Robert Irving (J’40) (SAK), Apprentice 
Seaman, U.S.N.R., Co. 4445, Bks. 412U, Naval 
Trng. Center, Bainbridge, Md.; for mail, 932 
Woodlawn St., Scranton 9, Pa. 

iSmith, Robert Warren (J’35) (NBMO), Ch. 

_ Engr., Motor Div., Thomas B. Gibbs Div., George 

_ W. Borg Corp., Delavan, Wis. 
iSmith, Robert William (’14), Plant Engr., 

Wyandotte Chem. Corp.; for mail, 80 Vinewood 

- <Ave., Wyandotte, Mich. 

‘Smith, Roger Ramsdell (’45) (WCJ), Treas., 

_ LL. B. Ramsdell Co., 170 Mill St.; for mail, 75 
| Elm St., Gardner, Mass. 

/ Smith, Ronald B, (730; ’39) (BEKSA), V.P., 
Charge of Engrg., Elliott Co., Jeannette; for 

E mail, 617 Ridge Way, Greensburg, Pa. 

“Smith, Ronald Chauvin (J’42), Engr., West. Elec. 
{ Co., Inc., Central Ave., Kearny ; for mail, 745 
| Clifton Ave., Clifton, N.J 
| Smith, Ronald R. (’28;’35;’88) (NBLMWJ), 

Mech, Engr., Beloit Iron Works ; for mail, 1510 

_ ‘White Ave., "Beloit, Wis. 

‘Smith, Ronaldson (J’39) (BCJGRS), Mech. Engr., 
; Designer, Sylvania Elec. Products, Inc., 75 Syl- 

van St., Danvers; for mail, 78 Londonderry Rd., 

Marblehead, Mass. 
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Smith, Roy E, (J’86) (NBM), Mch. Designer, 
Armour Research Foundation, 35 W. 88rd St., 
Chicago 16; for mail, 18121 Ridgewood Ave., 
Lansing, Il. 

Smith, Roy Harmon (’06;’17) (CJM), Pres., 
Gen. Mgr., Lamson & Sessions Co., 1971 W. 85th 
St., Cleveland 2, Ohio 

Smith, Roy Weare ( 87) (SBHER), Asst. to 
Outfitting Supt., Fed. Shipbldg. & Dry Dock Oo., 
Port Newark ; for mail, 44 Washington ‘Ave., 
West Caldwell, N.J. 

Smith, Russell John (’38;’42) (ABE), Asst. 
Prof., Head, Dept. of Mechanics, Marquette Univ., 
1515 W. Wisconsin Ave., Milwaukee 3, Wis. 

Smith, S, Arnold (’44) KJLCM), Ch. Engr., Whit- 
lock Mfg. Co., Hartford; for mail, 1377 Main St., 
Newington 11, Conn. 

Smith, Samuel Harold (J’32) (BANK), Pres., 
Treas., Smith Tool & nee Co., 900 N. San- 
dusky Ave., Bucyrus, Ohio 

Smith, Scott Vernon (’44) ‘(NLEGMO), Research 
& Devel. Engr., Sta-Rite Corp., 2010 W. Main 
St., Shelbyville, Ill. 

Smith, Sidney Theodore (J’41) (FKL), Htg. 
Engr., Sid Smith & Oo., 411 W. 5th St.; for 
mail, 609 Moir, Waterloo, Iowa. 

Smith, Spencer Gray (J’45) (BOY), Mech. Engr., 
Flintkote Co., Galvez & Poland St., New Orleans ; 
for mail, Apt. E, 8658 Gentilly Blvd., New 
Orleans 17, La. 

Smith, Stanley Allen (J’43) (ABS), Lt., U.S.A., 
Co. A, 182nd Engr. Combat Bn. 'A.P.O. 9718, 
c/o Postmaster, San Francisco, Calif. 

Smith, Stuart Brainard (’39) (SBH), V.P., 
Henty Pratt Co., 2222 S. Halsted St., Chicago 8, 


smith, Sydney E. (J’37) (BJS), Mech. Engr., 
Boiler Div., Rosier Wheeler Corp., 6 Church St., 


New York 6, NY. 
Smith, Talbert E. (724; 38) (FHS), Mem. Firm, 
140 Edgewood Ave., 


Burford, Hall & Smith, 
‘Atlanta 8, Ga. 

Smith, Theodore Hunter (’29;’37) (SFKHZB), 
Div. Engr., Consltd. Edison Oo. of N.Y., Inc., 
E. 134th St. & Locust Ave., New York 54; for 
mail, 459 Siwanoy Pl., Pelham Manor 65, N.Y. 

Smith, Thomas James (’30;’38) (LZEF), Field 
Engr., Powers Regulator Co., 2720 Greenview 
Ave., Chicago 14, Ill. 

Smith, Thomas Jennings (’45) (NMJWBY), Dir., 
Mfg. & Engrg., Pearl Wick Corp., 27-50—l1st St., 
Long Island City 2, N.Y.;) for mail, 180 Walnut 
St., Montclair, N.J. 

smith, Thomas Walbert (J’41) (EKS), Watch 
Engr., East. State Hospital, Williamsburg, Va. 

Smith, Traver James (J’40) (NJALDZ), Mech. 
Engr., Magnuson Engrs., 841 The Alameda, San 
one 11; for mail, 714 Willis Ave., San Jose, 

alif. ; 

Smith, Truman Aldrich (’39) (DBOHSM), Ch. 
Engr., Shore Facilities, Waterman Steamship 
Corp., Merchants Bank Bldg., Mobile 13; for 
mail, 52 N. Monterey St., Mobile 17, Ala. 

Smith, V. Weaver (’27) (CEKLS), Exec. in 
Charge, Contracts & Labor Relations, Lummus 
Co., 420 Lexington Ave., New York 17, N.Y. 

Smith, Vernon (’28) (BFKZSM), Managing Dir., 
John Thompson (Australia) Pty. Ltd. 312 
Flinders St., Melbourne, Australia. 

Smith, Victor Jacob (’40) (JMNY), Mech. Engr., 
Natl. Tool Co., 11200 Madison Ave., Oleveland 2; 
fen. mail, 301 Groveland Club Dr., Cleveland 10, 

io. 

Smith, W. Manning (’36) (FS), Lt. Comdr., 
U.S.N.R., Design Officer, Hull Inspe. Officer, 
Office of Supvr. of Shipbldg., Bethlehem-Hingham 
Shipyard, Inc. ; for mail, 21 Simmons Rd., Hing- 
ham, Mass. 

Smith, Walter (’80) (RNFBJS), West. Megr., 
Pilliod Co., Rm. 458, 832 8S. Michigan Ave., 
Chicago 4, Ill. 

Smith, Walter Gold (J’41) (BAHZ), X-Ray Div., 
Westinghouse Elec. Corp., 2519 Wilkens Ave., 
Baltimore 3, Md. 

Smith, Walter H. (’40) (CSO), Ch. Engr., T. 
Eaton Oo. Ltd., 190 Yonge St., Toronto 2, Ont., 
Can. 

Smith, Warren H. (’28; 
Ave., Detroit 2, Mich. 
Smith, Wayne Everett (28) (EF), 109 Kings 

Highway W., Haddonfield, N.J 

Smith, William Earhart (’08; 18) (SERF), Ch. 
Boiler Inspr., Exper. Sta., Hawaiian Sugar 
Planters ‘Assn., Honolulu 4, T.H. 

Smith, William Henry (7 87) (ECSR), Sales 
Engr., Caterpillar Tractor Co., Peoria; for mail, 
1019 Elmhurst Ave., Peoria 4, Ill. 

Smith, William James (J’44) (FSO), Mch. Devel. 
Engr., E. I. du Pont de Nemours & Co., Wilming- 
ton ; for mail, Box 212, Delaware City, Del. 

Smith, Wm, P. (718; 135), Mgr., Indus Dept., 
Kelso Wagner Co., 134 W. 2nd St., Dayton 2; 
for mail, 1230 Kemper Ave., Dayton 10, Ohio. 

Smith, Young Chalmers (°35) (SLHK), Propr., 
Young O. Smith & Co., 7310 Woodward Ave., 
Detroit 2, Mich. 

Smithbere, Eugene Herbert (J’43), 1908 Pros- 
pect Ave., New York 5 iN 

Smithline, Sidney (3°40), 815 W. 25th St.. New 
York 1, N.Y. 

Smoak, Ralph Andrew (J’42) (DNWKJ), De- 
signer, Applied Engrg. Co., 16 S. Middleton St. ; 
for mail, 16 Doyle St., Orangeburg, S.C. 
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Smolderen, Ferdinand Victor (J’24) (CLM), 
Asst. to Pres., Refined Syrups & Sugars, Inc., 
Foot of Vark St., voukor we for mail, 275 E, 
Sidney Ave., Mt. Vernon, 

Smolensky, igeanles, Michaol (J’42) (HOSAMN), 
Maj., Ord. Dept., U.S.A.; for mail, 202 Bay 
State Rd., Boston 15, Mass. 

Smoot, Chas. H. (J’41) (SZLA), Research Engr., 
Republic Flow Meters Co., 2240 Diversey Ave., 
Chicago 47, Ill. 

Smoot, Lewis E. (’30), Chmn. of Bd., Smoot Sand 
& ec Corp., 3020 K St., N.W., ” Washington, 


Suthers: William C. (J’41) (AFE), Devel. 
Engr., Continental Motors Corp., 12801 E. Jeffer- 
son Ave., Detroit 14; for mail, 1352 Grayton 
Rd., Grosse Pointe 30, Mich. 

Smuts, Edward Ernest (J’45) (SRONED), Jr. 
Engr., Engrg. Div., Chrysler Corp., Oakland 
Ave.; for mail, 257 Colorado Ave., Detroit 3, 


Mich, 
Smyth, Sigurd (J’45), Lt., Engrg. Officer, U.S. 
F.P.0., New 


Navy, U.S.S. Pocomo, AGC-16, 

York, N.Y.; for mail, 389 Columbia Ave., Cliff- 
side Park, N.J. 

Smyth, Stanley Leroy (J’44) (NJKBHM), Mech. 
Engr., Friden Calculating Mch. Co., 3500 Wash- 
ington, San Leandro; for mail, 1020—106th 
Ave., Oakland 8, Calif 


Snashall, Newton W. (J’36) (C), 698 Duane 
Ave., Glen Ellyn, Ill. 
Snavely, A. Bowman (’16;’21;’26; F’'42) (OF 


§). Ch. Engr., Hershey Chocolate Corp. -» Hershey, 


Sanath, Wm, H. (’21), Ch. Engr., Elec. Furnace 
Products Co., Ltd., 30 EB. 42nd St., New York, 
Nay? 


Snedden, William Tait (’32) (JMN), Cons. 
Engr., 206 S. Spring St., Los Angeles 12, Calif. 

Sneddon, Wayne O. (J’41) (ACH), 1028 Justin 
Ave., Glendale, Calif. 

Sneegas, Eldon Carl (J’43) (AYBOJD), Kan. 
Uniy.; for mail, R.F.D. 4, Lawrence, Kan. 

Snell, Jacob Kirkwood (J’46) (JMS), Gen. Elec. 
Co., 1 River Rd., Schenectady 5; be mail, 220 
Steinmetz Home, Schenectady 4, N.Y. 

Snellgrove, William Arthur, Jr. (J’39) Ce 
Sales Engr., Jenkins Bros., 376 Spring St., 
Atlanta, Ga. 

Snelling, Henry Hornor ae, 719) (MCAR), 
Vice-President, ’88-39; Sr. Mem., Snelling & 
Hendricks, 900 F St., N. Was Washington 4, D.C.; 
for mail, 6708—45th St., Chevy Chase 15, Md. 

Sniader, David Herman (J’ cap) (AJK), 91 Ken- 
view Ave., Kenmore 17, N.Y 

Snider, Arthur Melville C19; 725;785) (CML 
JGZ), Gen. Mgr., Sunshine Waterloo Co., Ltd., 
Sunshine Ave. ; for mail, 115 Allen St. W., 
Waterloo, Ont., Can 

Snider, Mike (6u 38) (AECM), Project Engr., Eng. 
Devel., Wright Aero. Corp., Paterson Si for mail, 
331 Plaza Rd., N., Fairlawn (Radburn), NJ. 

Sniffen, William Henry (’20;’35) (BEJKMS), 
Maint. Engr., Norwalk Oo. Inc., South Norwalk ; 
for mail, 16 Pershing St., Norwalk, Conn. 

Snovel, Ellis Raymond, or, (J? 41) (EFHJKS), 
Lafayette College; for mail, 24 N. 3rd St., 
Easton, Pa. 

Snow, Raymond Muller (J’38) (AJFBNY), Aero. 
Engr., Naval Air Sta., Laken, for mail, R.D. 
2, 61 Syor Rd., Toms River, N 

Snow, Warren Sargent (7343 Ws (BCDHMN), 
11 Wawecus Rd., Worcester 5, Mass. 

Snowden, H. J. (20), Stand. Steel Works Co., 
627 Ry. Exch., Chicago, Ill. 

Snyder, Clinton’ Grovening: (J’41), 1708 Madison 
Ave., Scranton 9, 

Snyder, Earl Vingent (43) (YOM), 91 Berkeley 
St., Rochester 7, 

Edwin oury (743) (SFAHJE), Asst. 
Oh. Engr., Elec. Engrg. Dept., Pub. Serv. Elec. 
& Gas Co., 80 Park Pl., Newark 1, N.J. 

Snyder, George Lawrence (745) (NKOCMJ), 
Asst. Mgr. Devel. Engrg., Lukens Steel  Oo., 
Goatees for mail, 15 Uwehlan Ave., Down- 
ingtown, P 

Snyder, Gerald PB. 60°89);, Boxs151, R.PD. 2) 
Winters, Calif. 

Snyder, Harry Eugene pee) (CMKDYW), 206 S. 
13th St., Philadelphia 7, 

Snyder; Harry William tas 39) (CDJNMB), Pres., 

A Ps sonyder Mfg. OCo., Inc., Main St., Little 
Falls, N. 

Snyder, Norbert W. (17), 324 S. Rosedale Ave., 
Lima, Ohio. 

Snyder, James H, (’21;’34) (NBLMK), Ch. 
Engr., Pfaudler Co., 89 Bast Ave. ., Rochester 4; 
for mail, 312 Roslyn St., Rochester 11, N.Y. 

Snyder, Joe Dudley, Jr. (J’39) (BHNS), Tech. 
Draftsman, Newport News Shipbldg. & Dry Dock 
Co.; for mail, Box 72, Hilton Village Branch, 
817 Palen Ave. Sy Newport News, Va. 

Snyder, John Henry (J’40) (CBMSJ), Mfg. Engr., 
River Works, Gen. Elec. Co., Lynn; for mail, 
26 Beckford St., Salem, Mass. 

Snyder, Leonard Leroy (744) (NMCBHJ), Ch. 
Engr., Charge of Prod., Serv. Valves Oo., 1449 
S. San Pedro, Los Angeles 15; for mail, 149 N, 
19th St., Montebello, Calif. 

Snyder, Lewis L. -(28;°85)) (BH), Ch. Engr., 
Snyder Engrg. Corp., 2444 E. 24th St., Los 
Angeles; for mail, 4234—4th Ave., Los Angeles 
48, Calif. 

Snyder, Nate Hart, Jr. (J’46), 310 E. Laurel St., 
San Antonio, Tex. 
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Snyder, Nathan William (J’41) (KBLOAH), 
Instr. in Mech. Engrg., Univ. of Calif.; for mail, 
1856 Spruce St., Berkeley 4, Calif. 

Snyder, Norman Stanley (’39) (BDHJS), Dist. 
Mer., Engr., Link-Belt Co., 688 Ellicott Sq., 
Buffalo 3, N.Y. 

Snyder, Richard Paul (J’38) (CAS), Mar, Engr., 
Design Sec., Naval Shipyard, S. Broad St., Phila- 
delphia 12; for mail, 213 Tatnall Ave., Nor- 


wood, Pa, 
Snyder, Seth M., Jr. (’386;’44) (FKS), 4403 
2420 Park 


Marble Hall Rd., Baltimore 18, Md. 

Snyder, William’ E, (J’41) (EK8), 
Ave., Parkwood, Easton, Pa. 

Sobel, Charles (J’44) (AJM), Asst. Engr., U.S. 
Engrs., 120 Wall St.; for mail, 264 E. 2nd St., 
New York, N.Y 

Sobol, Richard Philip (J’39) (BMR), Tool De- 
signer, Electro-Motive Oorp., La Grange; for 
mail, 1846 S. 57th Court, Cicero, Ill. 

Soderberg, C, Richard (’24;’30) (EBSAKN), 
Prof., Mass. Inst. of Tech., Cambridge, Mass. 

Soderberg, E. W. (J’35), Asst. Factory Mgr., 
Watertown Mfg. Co., Watertown, Conn. 

Soderberg, O. Albert (’42) (FS), Dist. Mer., 
Combustion Engrg. Co., Ine., 15387 Book Bldg., 


Detroit 26; for mail, 515 University Pl., Grosse 
Pointe 30, Mich. 
Soderberg, Sten (’45) (JSZ), Ch. Engr., Leslie 


Co., Lyndhurst ; 
Nutley, N.J. 

Soderquist, Leslie Edward (’48) (BMNY), Ch. 
Engr., MeNeil Mch. & Engrg. Co., 96 E. Crosier 
St., Akron 11, Ohio. 

Sodré, Lauro (Neto) (J’45) (CZONM), Design 
Engr., Companhia Brasileira de Instrumentos de 
Ghee Ave. do Estado 5081, Sio Paulo, Brazil, 
S.A. 

Soiya, George William (J’45) (HKS), Designer, 
Clearing Mch. Corp., 6499 W. 65th St. ;. for mail, 
5741 W. 64th Pl., Chicago, Ill. 

Sokol, Sylvester Theodor (’42) (COB), Exec. 
a Engr., Thatcher Mfg. Oo.; for mail, 742 

Church, Elmira, NYE 

Sokol, Theodore Joseph Ca (CMNOLJ), Indus. 
Engr., Natl. City Bank, E. 6th St. & Euclid Ave., 
Cleveland, Ohio. 

Sola, Samuel Leonard (J’41) (ABEZ), Radio 
Technician, 2nd Class, S 105-R/S, Puget Sound 
Naval Shipyard, Bremerton, Wash.; for mail, 
3333 Washington, Chicago, Ill. 

Solberg, Harry Leland (’21;’28;’32) (SEFK), 
Head, Sch. of Mech. Engrg., Purdue Univ., La- 
fayette, Ind. 

Soldan, Henry M. (’35), Asst. Engr., 
Elec. & Gas Co., 80 Park PIl., 


for mail, 490 Passaic Ave., 


Pub. Serv. 
Newark; for mail, 


195 Hillside Ave., Leonia, N.J. 
Soler, Antonio (J’39) (LHSCM), Box 604, 
Caguas, P.R. 


Soling, Sam Pinover (’31;’43) (KHZBLS), Sr 
Application Engr., York Corp.; for mail, 425 W. 
Jackson St., York, Pa. 

Solla, Alexander Philip (J’44), 34 Los Pinos St., 
Santurce, P.R. 

Sollmann, Carl Henry (J’43) (B), Devel. Engr., 
Specialties Mfg. Co., Inc., 35 Farrand St., Bloom- 
field; for mail, 214 N. Mountain ‘Ave., Mont- 
clair, N.J. 

Solomon, John W. (’45) (ABE), Sr. Mech. Enegr., 
Buick, Oldsmobile, Pontiac Div., Gen. Motors 
Corp., Linden, N.J.; for mail, Woodward Hotel, 
55th St. & Broadway, New York 19, N.Y. 

Solov, Abraham (’32;’44) (SKBCEN), Mar. 
Engr., N.Y. Naval Shipyard, Brooklyn; for mail, 
7302—-180th St., Flushing, L.I., N.Y. 

Somers, Dwight LeRoy (J’34) (OKS), 136 Bald- 
win Ave., Waterbury 23, Conn. 

Somers, George William (J’48), 1041 Marquette 
Bldg., 140 S. Dearborn St., Chicago 8, Ill. 

Somers, John Cameron (’42) (CDLRY), Pres., 
Sales Mgr., Indus. Products Engrg. Co., 1 Hunter 
St., Long Island City 1; for mail, 21-48—78th 
St., Jackson Heights, N.Y. 

Somers, William Eugene (J’33) (SFKR), Engre. 


Asst., Pub. Serv. Elec. & Gas Co., 80 Park Pl., 
Newark 1, NJ. 
Somervell, Philip A. (J’86) (MNJOEL), 601 


Riverbank, Riverton, N.J. 
Somervell, Somervell Bruce (’44) (HAYREM), 


Engr. Mer., App oation Co., 205 E, 42nd St., 
New York 17, 
Somerville, Geo. Nr (717; 385) (SLZBO), Mer., 


Mchy. Dept., Atkins Kroll & ©o., 
pe San Francisco 11; for mail, 
‘Ave., Berkeley 6, Calif. 

Sommer, William Bernard (748) 
Designing Engr., Joshua Hendy Iron Works, 
Hendy Ave., Sunnyvale ; for mail, 360 Park 
Blvd., Palo ‘Alto, Calif. 

Sommers, Richard John (J’42) (BHJNFS), 
Engr., Oilgear Co., 1403 W. Bruce St., Mil- 
waukee 4; for mail, 515 Lincoln Ave., Waukesha, 


Wis. 

Somogyi, Charles E, (’24;’35) (OCMNDJH), 
Prod. Mgr., Cincinnati Milling Mch. Co., Cin- 
cinnati 9, Ohio. 

Sonderegger, John Robert (J’ 42) (NWDHTB), 
Asst. Ene, Long Reach Mch. Works, Box 2621, 
Houston 1, Tex. 

Sonderman, Gerhard E, (735 ; 86) (OSDL), Ch. 
Engr., Singmaster & Breyer, 420 Lexington ‘Ave. A 
New York Lisy Nove, [On mail, W. Brother Dr., 
Greenwich, Conn. 

Sonn, Fred Wm, (’27;’35) (BOM), Asst. to Pres., 
Automatic Elec. Heater Co., Cross & Keim Sts. ; 
for mail, 1204 Queen St., Pottstown, Pa. 
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Sonn, George Paul (’14;’16;’35) (CDMOSY), 
Cons. Engr., 117 Fenwood Ave., Trenton 9, N.J. 

Sonnino, Mario (J’46) (HLT), Mech. Engr., Am. 
Cyanamid Co., 1937 W. Main St.; for matl, 60 
Lanark Rd., Stamford, Conn. 

Sonntag, Alfred (41) (BCMNOZ), Pres., Treas., 
Sonntag Scien. Corp., 1 Seneca Pl., Greenwich, 


Conn. 
Sontag, Herbert Paul (’25;’°29;'35) (TDCN 
S), Ch. eee Firth Carpet Co., 62 Columbus 
St., Auburn, 

Sontheimer, Sonn ‘Allen (J’42) (LKZODS), Engr., 
Golden State Co., Ltd., 425 Battery St., San 
Francisco 11; for mail, 927 Clintonia Ave., 
San Jose 10, Calif. 

Sookasian, George H. (J’46) aap 8518 Shel- 
mire Ave., Philadelphia 36, 
Sooy, Walter Ernest C27) (CGSM), V.P., 
Gardner-Richardson Oo. ; for mail, 3205 Fleming 

(Rd., Middletown, Ohio. 

Sopenoff, Bernard Hamilton (J’45) (BMNSZL), 
Seaman, Ist Class, Electronics Technician’s Mate, 
U.S.N., Navy Pier, Chicago, Ill.; for mail, 1800 
E. 18th St., Brooklyn 29, N.Y. 

Sopenoff, Leon Paul (J’44) (CJM), Technician, 
4th Grade, U.S.A., 416 Ord., M.M. Co., Ft. Bragg, 
N.C.; for mail, 8894—19th Ave., Brooklyn 14, 
N.Y 


Soper, Cleveland Conner (745) (JMY), Engr., 
Ferry Mch. Co., West Main St.; for mail, 513 
Earl Ave., Kent, Ohio. 

Soper, Henry F, (’42) (ZHN), V.P., Neptune 
Meter Co., 50 W. 50th St., New York 20, N.Y. 
Sopris, Robley Freeman (45) (CMRBOE), Pres.., 
Natl. Mch. Engrs., 218 Nelson Bldg., 4th & 

Broadway, Los Angeles 18, Calif. 

Sorensen, H. P. (J’41) (ABJ), Test Engr., Field 
of Vibration, Pratt & Whitney Aircraft Div.. 
United Aircraft Corp., 400 8. Main St.; for mail, 
85 Hanmer St., East Hartford 8, Conn. 

Sorensen, Harry Arnold (’81;’43) (SKEFH), 
Analytical Engrg., Gas Turbine Devel., Pratt & 
Whitney Aircraft Div., United Aircraft Corp.. 
400 S. Main St., East Hartford 8; for mail, 20 
Barker St., Hartford 6, Conn. 

Sorensen, Kresten Theodore (45) (CBMNJR), 
V.P., Asst. Gen. Mgr., Wm. Sellers & Co., 1600 
Hamilton St., Philadelphia; for mail, R.D. 2, 
Middletown Rd., Media, Pa. 

Sorenson, Alfred Edward (’27;’37) (EHSA). 
Assoc. Prof. Mech. Engrg., Princeton Univ. ; for 
mail, 150 Patton Ave., Princeton, N.J. 

Soria, Guido (’40) (OCM), Pres., European Am. 
Trade Devel. Corp., 37 Wall St., New York; for 
mail, 120 Cabrini Blvd., New York 33, N.Y. 

Sossner, Theodore Townsend (J’40) (CJMN), 
Gen. Mgr., Sossner Tap & Tool Corp., 27 Broad- 
way, Lynbrook ; for mail, 600 W. 111th St., New 
York, 25," N.Y. 

Soulen, Peter James (’27; 35) (0), Cons. Engr., 
111 E. Wisconsin Ave., Milwaukee 2, Wis. 

Soulis, Wilbur Taggard (’25) (MCJDBG), Dixie 
ae Co., 401-31 N. Western Ave., Chicago 12, 


Souter, John Clyde (J’45) (ACO), Prod. Ener., 
West. Elec. Co., Inc., Locust St.; for mail, 495 
Main St., Haverhill, Mass. 

Southack, Tilden Ward (J’33) (HNRAZB). Ch. 
Exper. Ener., Acrotorque Plant, Curtiss-Wright 
Corp., 880 Main St., 
Hill Rd., Greenwich, Conn. 

Souther, George Luke, Jr. (J’44) (KRS), 837 
Hillyer Ave., Macon, Ga. 

Southerland, Thomas Chapman (°37) (YSEK 
HG), Sales Engr., Topflight Tool Co., 126 Maiden 
Lane, New York 7; for mail, 200 Clinton St., 
Brooklyn 2, N.Y. 

Southern, Herbert (19; ’23;’35) 
Managing Dir., G. P. Wincott Ltd., 
cliffe Rd., Sheffield 4; for mail, 
Lane, Sheffield 11, England. 

Southmayd, Charles Goodrich (’88;’44) (HOM 
JSN), Engr., Hyd. Dept., Canadian Allis-Chal- 
mers, Ltd., 212 King St. W., Toronto; for mail, 
8 Sunnybrook Rd., Toronto 3, Ont., Can. 

Southwell, Richard V. (Non-Member), Worcester 
Reed Warner Medallist, ’41; Rector, Imperial 
College of Sci. & Tech., Univ. of London, Prince 
Consort Rd., London, 8.W. 7, England. 

Southwick, Bertram Holden (’24; ’25; ’35) (SO 
FH), Engr., Elec. Supt’s Office, Gen. Elec. Co., 
920 Western Ave., West Lynn; for mail, 37 
Elvir St., East Lynn, Mass. 

Southworth, Fred Meier (J’42) (MZLC), Trainee, 
Gen. Elec. X-Ray Corp., 2212 Jackson Blvd., 
Chicago; for mail, 8 N. Lancaster, Aurora, III. 

Sowden, Parkin Thomas (’08;’15;’20) (ODJ 
LMR), Gen. Mgr., Torsion Balance Co., 92 Reade 
St., New York 18, N.Y. 

Sowers, David Wood (15) (C), 
Bryant, Buffalo 9, N.Y. 

Spahr, John Carl (J’ 42) (SBK), Turbine Design 
Engr., South Philadelphia Works, Westinghouse 
Elec. Corp., Lester; for mail, 220 E. Leamy Ave., 
Springfield, Pa. 

Spainhour, Carroll Davis (J’44), 
Mountainside, N.J. 

Spalding, Albert Ruff (J’42) (SKMEFW), Instr. 
in Mech. Engrg., Purdue Univ., West Lafayette ; 
for mail, 919 Pontiac Ave., Lafayette, Ind. 

Spalding, Francis Wheeler (J’24) ee: 
Mech. Engr., Procter & Gamble Co., M. A. & R 
Bldg., Ivorydale 17; for mail, 235 Greendale 
Ave., Cincinnati 20, Ohio. 
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Spalding, Luther P. (’45) (AJYBZL), Ch. Re-- 
search Engr., N. Am. Aviation, Inc., 5701 Im- 
perial Highway; for mail, 510 S. Flower St., 
Inglewood, Calif. 

Spamer, Adolph Milton (J’40) (BMN), Student, 
Johns Hopkins Univ., Bie for mail, 1606 
N. Port St., Baltimore 13, 

Spang, Ferdinand J. Cia “(OMJNB), 

Spang & Co., Box 751, Butler, Pa. 

Spang, J. Bennett (3°42), Ensign, U.S.N.R., 183 
Rogers St., Aberdeen, Md. 

Spangler, Samuel F, (’20; ’25;’35) (LO), V.P., 
Chem. Constr. Corp., 850—5th Ave., New York 
1; for mail, 71 Brewster Rd., Scarsdale, N.Y. 

Spangler, Theodore Allen (J’48) (ACBO), Engr., 
Boeing Aircraft Co.; for mail, 4026 Brooklyn 
Ave., Seattle 5, Wash. 

Spanjer, Clarence Earle (J’42) (WCAEMR), 
Mech. Engr., Spanjer Bros., Inc., 1160 Howe St., 
Chicago 10, Ill. 

Sparkes, Harry Peckham (’44) (ABEHJK), V.P. 
Spar-Holl Mfg. Co., 20 Park Ave.; for mail, 24 
Belgrade Terrace, West Orange, N. a 

Sparks, A. C. (726), 25 Eccleston PIl., 
S.W. 1, England. 

Sparks, Cedric Harold (’29) (FSKDJ), Dir., Ch. 
Engr., Babeock & Wilcox Ltd., Farringdon St., 
London, E.C. 4; for mail, Cairnsmuir, Burwood 
Park, Walton-on-Thames, Surrey, England. 

Sparling, Philip W. (J’38) (BHM), Machinist, 
Vickers Inc., 1400 Oakman Blvd., Detroit; for 
mail, 955 W. Kirby Ave., Detroit 2, Mich. 

Sparrow, Stanwood W. (’18;’19;’23) (BEN), 
Dir. of Research, Studebaker Corp., South Bend 
27; for mail, The Morningside Club, South Bend 


24, Ind. 

Spatz, Donald (J’48) (BNKAFJ), Research Equip. 
Design Engr., Natl. Advis. Com. for Aero., Cleve- 
land Airport, Cleveland; for mail, 17635 Park- 
mount Ave., Cleveland 11, Ohio 

Spaulding, David Chase, Jr, (45) Oa 
Product Engr., Bunting Brass & Bronze Co., 
Spencer St.; for mail, 3622’ Beechway Bae, 
Toledo 9, Ohio. 

Spaulding, Ellis Russell (J’32) (ABHKZ), 
Supvr., Flight Test Planning, Chance Vought 
Aircraft Div., United Aircraft Corp., S. Main 
St.; for mail, 29 Minor Ave., Stratford, Conn. 

Spaulding, Harold Sheerer (’29;’40) (LKHO 
JD), Process Engr., C. F. Braun & Co., 1000 S. 
Fremont, Alhambra, Calif. 

Spaulding, John Downs (’40) (CAMRDJ), Works 
Mer., V.P., Nathan Mfg. Co. & Nathan Aircraft 
Devices, Inc., 416 E. 106th St., New York; for 
mail, 5 Barnard Pl., Manhasset, Tidy News 

Spaunburg, Harvey Lewis (721; 26) (CMNT), 
V.P., Mgr., Veeder Root Inc., Hartford 2, Conn. 

Spear, Allan I. (J’38), ee 2¥F, Cyllune Court, 
Eutaw Pl., Baltimore, M 

Spear, Lawrence York 8) (CEM), Pres., Elec. 
Boat Co., Groton, Con 

Spears, Earl C. C44y “CESDYAR), Sales Engr., 
watineheuse Elec. Corp., 303 E. Brady, Tulsa 3, 


a. 

Specht, Edward James (J’46) (AES), Aviation 
Div., Gen. Elec. Co., 920 Western Ave., Lynn; 
for mail, 400 Puritan Rd., Swampscott, Mass. 

Speciall, Jos. Vv. (J’87), 2836—56th Pl., Wood- 
side, L.I., N.Y, 

Spector, Baruch (42) (NOM), Spector Engrg. 
Serv., 1389-06 Pershing Crescent, Jamaica 2, L.I., 


N.Y. 

Speed, Wm. Shallcross (’00;’04), Chmn. of Bd., 
aes Cement Co., 315 Guthrie St., Louis- 
ville, 

Speh, heeas A. (J’38) (BNZA), Project Ener.¢ 
Sperry Gyroscope Co., Inc., Lakeville Rd., Great 
Neck; for mail, 101 Horace Ave., Roosevelt, 


N.Y 

Speich, Carl Johan (’38) (DLBMCF), Asst. Supt., 
Lone Star Cement Corp., Hudson, N.Y. 

Speicher, Paul John (’43) (CMNJD); Consultant, 
Mech. Engr., Reconstr. Finance Corp., 505 N. 7th 
St., St. Louis : for mail, 1510-A De Soto Ave., 
St.’ Louis 7, Mo. 

Speier, Richard N. (J’40), Spec. Assignment, 
Plymouth Motor Co., Detroit; for mail, 117 
Rhode Island Ave., Highland Park, Mich. 

Speight, Herbert (’23) (BELMSY). Indus. Engr., 


Pres., 


London, 


Westinghouse Elec. Corp., 40 Wall St., New 
York 5, N.Y. 

Speirs, George W. (’37) (LMCDYZ), Indus, 
Ener., Hamilton Radio Oorp., 510—6th Ave., 


New York 11; 
Albans 11, L.I., é 

Spellman, Charles B, (’18;’27) (HS), 
Supve. Engr., I. P. Morris Dept., Baldwin Loco. 
Works, Paschall Sta., Philadelphia 42; for mail, 
43 N. Norwinden Dr., Media R.D. 8, Springfield, 
Pa. 

Spellman, Reuben (J’38) (ACM), Lt., U.S.N.R., 
5809 N. Four Mile Run Dr., Arlington, Va. 

Spence, Clyde Theodore (J’48) (MJCDOZ), Sea- 
man, Ist Class, U.S.N.R. Armory, Toledo 1, 
Ohio; for mail, 612 Thompson Ave., Clairton, Pa. 

Spence, Hubert de Laserre (’30) (RBJ), Asst. 
Engr., Natl. Malleable & Steel Castings Co., 
10600 Quincy Ave., Cleveland 6, Ohio. 

Spence, Richard Slater (J’39) (BNMA), Instr. 
os Mech. Engrg., Rensselaer Poly. Inst., Troy, 


for mail, 115-91—228rd St., St. 
¥ 
Asst. 


Robert Andrew (735; 745) (COLSM), 
Mech. Engr., Dept. of Bldgs. & Grounds, Lehman 
Hall, Harvard Univ., Cambridge; for mail, 33 
Barnard Rd., Belmont 78, Mass. 


Spence, 


Spence, Stanley Francis (’45) (CMO), Asst. Re- 
gional Mgr., Loss Prevention Dept., Liberty Mu- 
~ tual Ins. Co., Rm. 838, 10 Rockefeller Plaza, 
'. New York, N.Y. 

“Spencer, Alexander Charles (’21), Pres., High- 
__ crest Securities Ltd., R.R. 3, London, Ont., Can. 
“Spencer, Alfred Charles, Jr. (J’28) (REF), 

Engr., Stand. Oil Co. of N.J., 26 Broadway, New 

York 4, N.Y.; for mail, 11 Harvard Ave., 

Maplewood, N.J. 

Spencer, Benjamin H. (’27) (OSEGK), Mech. 

Engr., Sanderson & Porter, 52 William St., New 


gee York 5, N. 

Ygpencer, Chas. W. (J’34) (BOM), Engr., Bell 

- Tel. Labs., Inc., 463 West St., New York, NY. 

‘Spencer, Clarence G. (’11) (FOS), Pres., Baker 
& Spencer, Inc., 27 William St., New York 5, 


N. 
Spencer, Ervin Russell (’88) (EKSFH), Instal- 
lation Engr., Cooper-Bessemer Corp.; for mail, 
- 519 E. Chestnut St., Mt. Vernon, Ohio. 
‘Spencer, Frank O., Jr. (J’34), Asst. Engr., West. 
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Elec. Co., Inc., 100 Central Ave., Kearny; for 
mail, 2157 Raritan Rd., Westfield, N.J. 

Spencer, Frank Calvin (’08;’12) (MOBCYJ), 

£ 10 English Village, Cranford, N.J. 

Spencer, Frank Walton (J’ 42) (BES), 4572 W. 

\_ 220, Fairview Village, Ohio. 

‘Spencer, Fred’k A, (’17;°26) (BDJ), Plant 

_ Bngr., Gen. Cable Corp., 26 Washington St., 

~ Perth Amboy; for mail, 86 Grove Ave., Wood- 

-_ bridge, N.J. 

Spencer, Harvey Gerber (J’43) (YLCMZ), 216 

'_ W. Genesee St., Flint 5, Mich. 

‘Spencer, John Donald (J’44) (HKCB), Ener., 
Qanadian Blower & Forge Co. Ltd.; for mail, 
1386 Water St. S., Kitchener, Ont., Can. 

@Spencer, John Hazelton (J’44), 6 University Rd., 

__ Cambridge, Mass. 

‘Spencer, Julian M. (J’39), Test Foreman, Bethle- 
hem Steel Co., Sparrows Point; for mail, 6812 

_ Dunhill Rd., Dundalk 22, Md. 

WSpencer, Truman Edward (J’45) (SOJCMH), 
Field Engr., Allis-Chalmers Mfg. Co., 621 South- 
ern Bldg., Washington 5, D.O. 
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el a F, (J’28) (AOR), Draftsman, 
YBethlehem Steel Co., 3rd St.; for mail, 624 W. 
Union Blvd., Bethlehem, Pa. 

Webster, Lawrence Burns (’10;’14;’18) (SJ 
RG), 35 Boudinot St., Princeton, 

Wechsberg, Otto (721) (BEFJKN), Pres., Gen. 
Mgr., Coppus Engrg. Corp., 344 Park. Ave., 
Worcester 2, Mass. 

Weckerle, John Harry (J’ 4) Soree OND) Asst. 
Engr., Consltd. Edison Co. of Inc., 4 Irving 
Pl., New York 3; for mail, R.F.D. sl Roscoe, 


By N.Y. 
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Weckstein, Samson Morris (’24;’85) (JNEB 
YR), Ch. Engr., Indus. Div., Timken Roller Bear- 
ing Co., Dueber Ave., S.W., Canton 6; for mail, 
204—28th St., N.W., Canton 8, Ohio. 

Weddington, Jim Ray (J’42) (SHAEKF), Weight 
Analyst, Douglas Aircraft Co., Inc., 3000 Ocean 
Park Blvd., Santa Monica; for mail, 10469 Kin- 
nard Ave., ‘Los Angeles 24, Calif. 

Weddle, Alfred Harvey, Jr. (J’48) (BSCAKN), 
Engrg. Asst. to Gen. Mgr., Vassar College, Pough- 
keepsie, N.Y. 

Wedge, Donald Eugene (J’39) (CMJOWY), De- 
partmental Foreman of Inspe., A.C. Spark Plug 
Div., Gen. Motors Corp., 1300 N. Dort Highway, 
Flint; for mail, 2521 Stevenson St., Flint 4, 


ich. 

Wedner, Benjamin Mayer (’48) (BNMEJL), 
Asst. Ch. Draftsman, Gulf Research & Devel. Co., 
P.O. Drawer 2038, Pittsburgh 30; for mail, 6520 
Lilac St., Pittsburgh 17, Pa. 

Weeks, Dan Eugene (’39; 45) (SKFW), Supvg. 
Engr., Robert L. Johnson Oo., 344 Monadnock 
Bldg. San Francisco 5; for mail, 2344 Virginia 
St.. Berkeley 4, Calif 

Weeks, DeWitt C. (41) (FSZK), Performance 
Engr., Consltd. Edison Co. of N.Y., Inc., Room 
AU-14, 4 Irving Pl., New York 3, N.Y. 

Weeks, John Harding (J’45) (MAJZ), Mech. 
Engr., Natl. Advis. Com. for Aero., Cleveland 
Airport, Cleveland; for mail, 1640 Wooster Rd., 
Rocky River, Ohio. 

Wee: Ervin Carl (J’42) (HJWYAB), 

is. 

Wegener, Francis A. (J’15) (CEM), V.P., Gen. 
Mer., Welsbach Co.; for mail, 105 N. Brown St., 
Gloucester City, N. ip 

Wegg, David Spencer (’09;’14;’21) (EFLM 
OT), Engr., Jackson & Moreland, 31 St. James 
Ave., Boston 16; for mail, 25 Martin Rd., Wel- 
lesley 81, Mass. 

Wegner, Harold Leroy (J’44) (JMD), Drafts- 
man, Mich. Bumper Corp., 740 Ann St., Grand 
Rapids 2; for mail, 1216 Valley Ave., N.W., 
Grand Rapids 4, Mich. 

Wehmeyer, Clarence William (’37) (SJBFKZ), 
Mech. Engr., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York 16; for mail, 12 Her- 
bert Ave., White Plains, N.Y. 

Wehr, C. Fred’k (’18; 85), Pres., Treas., Wehr 
Steel Co., 5234 W. Mobile St., Milwaukee, Wis. 

Wehrmann, Wilhelm (J’37) (CEMS), Supvr., 
N.Y. Naval Shipyard, Brooklyn; for mail, 4329 
Forley St., Elmhurst, L.I., N.Y. 

Wei, Y. F. (’45) (Prof.), Dir., Tech. Dept., 
Ministry of Communications, Chungking, China ; 
for mail, c/o Prof. P. B. Eaton, Lehigh Univ., 
Easton, Pa. 

Weibel, Emil Edwin (’86) (BNAZK), 
Prof. Mech. Engrg., Univ. of Calif., 
Calif. 

Weick, Fred Ernest (’44) (ABNE), V.P., Charge 
of Enere-» Engrg. & Research Corp., Riverdale, 


Norrie, 


Assoc. 
Berkeley 4, 


Weidenhammer, James A. (J’89) (BHM), De- 
signer, Internat]. Business Mchs. Corp.; for mail, 
2718 Watson Blvd., Endicott, N.Y. 

Weidner, Carl Birch (J’40) (MEFOH), Lt. 
(j.g.), Mar. Inspe., U.S.C.G., Fed. Bldg., Mobile 
9, Ala.; for mail, eo Mrs. P. G. Weidner, 1232 
E. 27th Pls Tulsa 5 , Okla. 

Weierich, Andrew Charles (44) (OACW), 
Owner, A. O. Weierich Co., Box 973, Ch. Engr., 
Davidson Enamel Products, Inc., Box 828; for 
mail, Western Ohio Ave., Lima, Ohio. 

Weigel, Albert Charles (’14;719;F'48) (SJ 
EF), V.P., Combustion Engrg. Co., Inc., 200 
Madison Ave., New York 16, N.Y. 

Weigel, Albert Be C27) (BOHKOR), Research 
Engr., Consltd. Steel Corp., Eastern & Slauson, 
Los Angeles 22; for mail, 535 S. Gramercy Pl., 
Los Angeles 5, Calif. 

Weigel, Robert H, (J’40) (ACF), 401 W. Park, 
Urbana, A 

Weil, Richard Lee (J’42) (JBL), Project Engr., 
Gray Mfg. Co., 16 Arbor St., Hartford 5, Conn. 

Weil, Robert 8. (J’42) (NYJS), Design Engr., 
Radar Engrg. Div., Gilfillan Bros., Inc., 1815 
Venice Blvd., Los Angeles ; for mail, 54834 Lex- 
ington Ave., "Los Angeles 27, Calif. 

Weiland, Edward (J’40) (SFD), Ch. Engr., Mun. 
Research & Testing Lab. of St. Louis, 55 Mun. 
Courts Bldg., St. Louis 3; for mail, 4961 Laclede 
Ave., St. Louis 8, Mo. 

Weiland, Walter F. (’37), Assoc. Prof. Mech. 
Engrg., Univ. of Neb., Lincoln, Neb. 

Weiler, George Henry (A’42) (ABCJMR), Mer., 
R.R. Div., Vanadium Corp. of Am., 420 Lexing- 
ton Ave., New York 17, N.Y. 

Weiler, Robert Edgar (6n 43) (ABS), Jr. Design 
Engr., Research & Devel. Sec., Steam Div., West- 
inghouse Elec. Corp., Lester; for mail, 822— 
14th Ave., Prospect Park, Pa. 

Weill, Melville Kaiser (’21) (ACWOM), Pres., 
Skydyne, Inc., River Rd., Port Jervis, N.Y. 

Weimann, Alfred Frederick (81) (CLO), Divi- 
sional Pur. Agt., U.S. Rubber O©o., 1230—6th 
Ave., New York ; for mail, 22 Huntington Rd., 
Garden City, N.Y. 

Weimar, Hans Carl (’27;’35;’35) (BNH), De- 
sign & Devel. Engr., Brown & Sharpe Mfg. Co., 
Promenade, Providence 1; for mail, 162 Lenox 
Ave., Providence 7, R.I. 
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Weinberg, Edwin Bernard (J’39) (KLSAM), 
Heat Transfer Engr., Therm & Changer, Inc., 625 


Market St., San Francisco 5, Engrg. Instr., 
Modesto Jr. College; for mail, 527 N. Orange 
Ave., Modesto, Calif. 
Weinberg, Herbert Lee (’24;’27;’35 (REC), 
c/o Am. Loco. Co., Schenectady Dyna 
Weinberg, Irving (J’45) (CKS), Asst. Plant 
Engr., Vilter Mfg. Co., 2217 S. 1st St.; for mail, 


2819 N. 52nd St., Milwaukee 10, Wis.” 

Weinberg, Philip H. (’82) (ESCLMF), Sales 
Engr., Philadelphia Elec. Co., 1000 Chestnut St., 
Philadelphia 5, Pa. 

Weinbrecht, John Frederick (J’88) (NBLG), 
Draftsman, Engrg. Dept., Monarch Mch. Tool 
Co.; for mail, 224 S. Miami Ave., Sidney, Ohio. 

Weiner, Arnold Philip (J’45) (NBAHYG), Stress 
Analyst, Jackson & Moreland, Engrs., 31 St. 
James <Ave., Boston 16; for mail, 2 Pama 
Gardens, Brighton 35, Mass. 

Weiner, Lewis P. (’80;’86) (LOSMAF), V.P., 
Gen. Mgr., Scottish-Am. Distillers Ltd., Foot of 
Alexander St., Peoria 3; for mail, High Point 
Rd., Peoria 4, Ill. 

Weiner, Samuel Zelick (’45) (SOKHBF), Asst. 
Engr., Gibbs & Hill, Inc., Pa. Sta., New York 1; 
for mail, 501 Ave. R, Brooklyn 23° N.Y. 

Weingarten, Morris Robert (J’ 43) *Gtiaxp2), 
Design Engr., RCA Victor Div., Radio Corp. of 
Am.; for mail, 49 S. Duke Sti, Lancaster, Pa. 

Weinhold, Julius F, (’25; 81; ’35) (SCD), Supt. 
Power & Maint., Winchester Repeating Arms Oo., 
Div. of Olin Industries, Ine., New Haven; for 
mail, 115 Westwood Rd., New Haven 15, Conn, 

Weinstein, Alexander (’30) (CO), 120 Broadway, 
New York 15, N.Y. en mail, 1221 Hilldale 
Ave., Los ‘Angeles 46, Calif 

Weinstein, Henry R. (J’ 38), 103 St. George St., 
St. Augustine, Fla 

Weinstein, Isaac (o 41) (AHJ), Lt., 159 Canal 


St., Ellenville, N.Y. 

Weinthal, Stanley E. (J’42), Prod. Engr., 
Walters Mfg. Co., Pennsylvania Ave., Oakmont; 
for mail, 4366 Winterburn St., Pittsburgh 7, Pa. 

Weintraub, Sidney 8S. (J’39) (ACK), 448 Allison 
Dr., Dallas, Tex. 

Weir, The Rt. Hon. Viscount (H’20) (MKCHA), 
Chmn. of Dirs., G. & J. Weir Ltd., Holm Fdy., 
Catheart, Glasgow, Lanark, Scotland. 

Weir, A. D. (J’44), Weir Appliance & Equip. Oo., 
6323 Gaston Ave.; for mail, 7301 Lakewood 
Blyd., Dallas, Tex. 

Weir, David MacDonald, Jr. (’40) (SLM), Sales 
Engr., Pittsburgh Piping & Equip. Co., 10—48rd 
St., Pittsburgh 1; for wane 1109 Evergreen Ave., 
Millvale, Pittsburgh 9, Pa. 

Weir, Frederick Utter (45) (OSKEGC), Engr., 
Thomas B. Hunter, Rm. 710, 41 Sutter St.; for 
mail, 2528 Broadway, San Francisco 15, Calif, 

Weir, George E, (’27;’87) (SOBKFL), Engr., 
Mech. Div., Stone & Webster Engrg. Corp., 49 
Federal St., Boston 7, Mass.; for mail, 8528— 
118th St., New York 16, ING 

Weir, Samuel Boone (OV 44) (EJERS), Boiler & 
Turbine Test Engr., Naval Boiler & Turbine Test 
Lab., S. Broad St; for mail, 7019 Oreshiem Rd., 
Philadelphia 19, Pa. 

Weis, Arthur R. (’27;’35) (HCEJNM), Pres., 
Pacific FuEaDS, Inc., 5715 Bickett St., Huntington 
Park, Cal 

Weisbein, Jack (J’40) (HKS), 115 Grand, Kansas 


City, Mo. 
Weisberg, Herman (’37) (SFJEDA), Mech. 
Engr., Elec. Engrg. Dept., Pub. Serv. Elec. & 


Gas Co., 80 Park Pl., Newark 1, N.J 

Weisberger, Arthur Aldon (Chai) *(MDRO), Prod. 
Supt., Am. Steel Fdys., Hammond, Ind, 

Weiser, Earle Philip. (On 40) (CB), V.P., Charge 
of Opera., A & W, Inc., 3337 N. Williams ; for 
mail, 7412 N. Chase ‘Ave., Portland 12, Ore. 

Weiser, Sidney (J’41) (NMOJ), Asst. Engr., 
Mfg. & Engrg. Corp., 211 Steuben St., Brooklyn 
5; for mail, 1519—55th St., Brooklyn, N.Y 

Weishaar, Gerard Paul (J’48) (BCDLMN), Dist. 
Megr., Am. Pulley Co., 526 Folsom St., San Fran- 
cisco 5, Calif. 

Weismann, Victor Paul (35; 742) (OLCDSM), 
Sales Engr., Bethlehem Pacific Coast Steel Corp., 
Box 2057, Terminal Annex, Los Angeles, Calif. 

Weismantlé, Arthur Robert (J’36) (SFOKLH), 
Mech. Engr., Steam Div., Foster Wheeler Corp., 
165 Broadway, New York, N.Y. 

Weiss, Alexander (’25;’35), Mech. Engr., Bab- 
cock & Wilcox Tube Co.; for mail, 3900—4th 
Ave., Beaver Falls, Pa. 

Weiss, Alexander (’39) (ZHBDSL), Commercial 
Trust Bldg., Philadelphia 2, Pa. 

Weiss, Arthur J. (’22; ’26;’35) (CFLS), Plant 
Engr., Lowe Paper Co., River St., Ridgefield ; 
for mail, 14 Kenwood Rd., Tenafly, N.J. 

Weiss, Charles Robert (’40) (ABDJNS), Ch. 
Engr., Ewart Works, Link-Belt Co., Box 3846, 
Indianapolis 6, Ind. 

Weiss, Herbert Albert (’41) (NYB), Prof. Mech. 
Engrg., Clarkson College of Tech.; for mail, 34 
Main St., Potsdam, N.Y. 

Weiss, Herbert Klemm (J’42) (BAZH), Box 
189, Aberdeen, Md. 

Weiss, Joseph R. (’27; 786) (EOSLKZ), Oons. 
Engr., 51 E. 42nd St., New York 17, 

Weiss, Louis Theodore (18 ; ’25) (OJM), 772 
Pacific St., Brooklyn 17, N.Y. 

Weiss, Orin Andrew (?39) (LMSHWD), Cons. 
Engr., Box 19, Sta. O, New York 14, N.Y. 


Fed. 
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Weiss, Paul Albert Henry (’18; ’25; °35) (CEF 
HKS), Plant Engr., Cent. Hudson Gas & Elec. 
Corp., South Rd., Poughkeepsie, N.Y. 
Weissbach, Edward A. (41) (CDLMZ), Supt. 
Equip., Campbell Soup Co., 100 Market St., 
Camden 1; for mail, 44 W. Cedar Ave., Mer- 
chantville, N.J. 

Weisselberg, Arnold (’26; ’35) BEESON)» Cons. 
Engt., 277 Broadway, New York iv, Nov. 

Weithofer, Frank Warren (J’41) (NBEHAS), 
Design Engr., Allis-Chalmers Mfg. OCo., Mil: 
waukee 1; for mail, 23820-A N. 58th St., Mil- 
waukee 10, Wis. 

Weitzel, William F. (’40; 43) (DSKBHC), Matl. 
Handling Engr., West. Elec. .Co., Inc., 2500 
Broening Highway, Baltimore 24; for mail, 2907 
Westfield Ave., Baltimore 14, 

Weitzmann, Earle Joseph (732; 185) (BCJKNZ), 
Maint. Engr., Niacet Chemicals Div., U.S. Vana- 
dium Corp., Pine Ave. & 47th St.; ; for mail, 631 
Vanderbilt ’Ave., Niagara Falls, N.Y. 

Welanetz, Ludolf F, Wen 86) (ABH), Asst. Prof., 
Postgraduate Sch., Naval Acad., Annapolis, Md. 

Welch, Albert E, (20; 725) Mech. Engr., Charge 
of Maint. & Power, Am. Thread Co., Main St.; 
for mail, Box 122, Willimantic, Conn. 

Welch, Mrs. Betty Slocombe (’86;’45) (ABK 
FHO), Firm of Mrs. Nicholas A. Welch, Aero. 
Engr., 21 Arapahoe Rd., West Hartford 7, Conn. 

Welch, Charles Franklin (J’42) (YLCAMD), 
Technician, 4th Grade, Hdq. Co., 2502nd §.0.U., 
South Post, Ft. Myer, Va. 

Welch, Chester William (°34) (LSDZJK), Indus. 
Engr., Stone & Webster Engrg. Corp., 49 Federal 
St., Boston 7; for mail, 28 Sevinor Rd., Marble- 
head, Mass. 

Welch, Floyd Edward, Jr. (J’44) (MONKJH), 
83444 Imperial High, Lynwood, Calif. 

Welch, Leon C. (’13), Asst. Gen. Mgr., Stand. Oil 
Co. of Ind., 910 S. Michigan Ave., Chicago, Ill. 

Welch, Lloyd B. (J’41) (MKS), Elec. & Mech. 


Engr., Bldg. 28, Eastman Kodak Oo., Kodak 
Park, Rochester 18, N.Y. 
Welch, Nicholas Anthony (’86;°45) (SOL), 


Mech. Engr., Am. 
ington St., New Britain; for mail, 
Rd., West Hartford, Conn. 

Welch, Philip John (J’38) (MCDLJB), Asst. to 
Indus. Engr., Am. Pulley OCo., 4200 Wissahickon 
Ave., Philadelphia, Pa. 

Welch, William, Jr, (’26;’37) (SFEK), Steam 
Power Engr., Long Island Ltg. ©o., 250 Old 
Country Rd., Mineola, L.I., N.Y. 

Welch, William Edward (J’44) (JRS), 4609 N. 
Camac St., Philadelphia 40, Pa. 

Welch, William Pressley (J’86) (BN), Research 
Engr., Westinghouse Elec. Corp., East Pitts- 
burgh, Pa. 

Welcker, William A., Jr. (’30;’86) (BHJ), Asst. 
Business Mgr., Battelle Memorial Inst., 505 King 
Ave., Columbus, Ohio. 

Weld, Alfred Ollis (18) (AKHE), Treas., Mech. 
Engr., George A. Weld & Co., 120 Milk St., 
Boston 9; for mail, 48 Winthrop St., Winchester, 
Mass. 

Weld, Miss Lydia Gould (’15; ’35) (Y), Retired; 
Box 51, Route 1, Carmel, Calif. 

Weld, Philip Brownlie (J’48) (CMA), Sales 
Engr., Gen. Elec. Supply Corp., 127 E. Main 
St., Waterbury; for mail, Taft Sch., Watertown, 
Conn. 

Weldon, Richard Laurence (’20;’25; 
Pres., Bathurst Power & Paper 
Life Bldg., Montreal, Que., Can. 

Weldy, George Henry (J’43) (ODS), c/o Armour 
Leather Co., Sheboygan, Wis. 

Weldy, Robert K. (J’87) (EACJYN), Head, 
Engrg. Dept., Fuel Injection Div., Ex-Cell-O 
Corp., 1200 Oakman Blvd., Detroit 6; for mail, 
5092 Ivanhoe, Detroit 4, Mich. 

Welford, P. G. (’14;’25;’85) (BCD), Sales 
Engr., Link-Belt Ltd., 791 Eastern Ave., Toronto, 
Ont., Can. 

Welge, Harold B, (41) (SHKFLO), Mech. Engr., 
Heat & Power Dept., Engrg. Div., Procter & 
Gamble Co., 311 M.A. & R. Bldg., Ivorydale 17 ; 
ade mail, 4703 N. Edgewood Ave., Cincinnati 82, 

N10, 

Welhart, Charles (740) (CJLMN), Equip. Engr., 
Gen. Engrg. Dept., Owens-Ill. Glass ©o.; for 
mail, 851 Washington Ave., Alton, Il. 


Hardware Corp., 102 Wash- 
21 Arapahoe 


27) (AO), 
Co., Ltd., Sun 


Welinder, Roy Anders (J’42), 560—T78th St., 
Brooklyn, N.Y. 

Wellauer, Edward Joseph (’35;’44) (NBJ), 
Supt. Research & Metal., Falk Corp., 8001 W 


Canal St., Milwaukee 8; for mail, 8122 Warren 
Ave., Wauwatosa 18, Wis. 
Wellech, Edmund Henry (44) (NBCHO), Megr., 
Mech. Research Dept., Corning Glass Works, 
weataat St.; for mail, 75 W. 5th St., Corning, 


Wellenkamp, Paul (’89) (AOMJBO), Mer., 
Exper. Mfg., Ranger Aircraft Engs. Div., Fair- 
child Eng. & Airplane Corp., Farmingdale, L.I., 
N.Y.; for mail, 752 Mountain <Ave., Bound 
Brook, N.J. 

Weller, Arthur Clarence (J’37) (SEFK), Engr., 
Tex. Co., 205 E, 42nd St., New York 17; for 

, Eton Lodge, Scarsdale, Nye 

Weller, Arthur Stuart (J’45) (SEKBNH), Serv. 
Engr., Steam Div., Westinghouse Elec. Corp., 
1 Montgomery St., San Francisco 4; for mail, 
632 Jean St., Oakland 10, Calif. 


Weller, LeRoy Ashton, Jr. (J’42) (MSHOK), 
8rd Asst. Engr., Moore McCormack Lines, Inc., 
5 Broadway, New York 4, N.Y.; for mail, 721 
Euclid Ave., Upland, Calif. 

Wellhofer, Ernest 8. (’40) (DMJA), Ch. Rope 
Engr., Am. Chain £ Cable Co., Inc., 81 E. Ross 
St., Wilkes- Barre, Pa. 

Welling, Lindsay Howe ('16;’'24;’'35) (MON 
JY), Gen. Mgr., Horma Mfg. Corp.. 29-05—40th 
Rd., Long oe City ; for mail, 3 Norwood Rd., 
Scarsdale, N fs 

Wellington, o “Oliver (A’21) (OMO), Sr. Part- 
ner, Scovell, een & ©o., 111 Broadway, 
New York 6, N.Y 

Wellington, Q. Ww. (40) (FKS), 208 N. Maple- 
wood, Peoria 5, Ill 

Wellman, George Ms (J’41) (BDL), Lt., U.S.N.R., 
Box 619A, Route 2, Bremerton, Wash. 

Wellman, gamuel Knowlton (741) (ACJ), Pres., 
Ch. Engr., 8. K. Wellman Co., 1874 KE. 51st St., 
Cleveland 8, Ohio. 

Wellner, Eric Fred (’38;’42) (BKS), Field 
Ener., Westinghouse Elec. Corp., 10 High St., 
Boston 10; for mail, 6 Hobson St., Roslindale 
81, Mass. 

Wellons, Frank W. (J’40) (AJ), Aircraft Engr., 
SKF Industries Inc., Front St. & Erie Ave.; for 
mail, ee Court, 89th & Chestnut, Phila- 
delphia, Pa. 

Wells, Albert William (’18; ’82;’35) (R), Re- 
tired; 1098 Avoca Ave., Pasadena 2, Calif. 

Wells, "Arthur 8. (28) (SLFZKD), Plant Engr., 
Mead Corp., Main St.; for mail, 710 Yadkin St., 
Kingsport, Tenn. 

Wells, Burling D. (’19; ’27; 735) (BOM), Indus. 
Engr., Mallory Hat Co.; for mail, 89 Lake Ave., 
Danbury, Conn, 

Wells, Cecil Gray (’80; 385) (OM), V.P., Natl. 
Tank Co., Box 1710, Tulsa 1, Okla. 
Wells, Edward H. (J’33) (RKA), Ch. Engr., 
oe Dept., Johns-Manville Corp., 22 E. 40th 

New York 16, N.Y. 

walls, Edward Lathrop (J’43) (ABEOMY), Pvt., 
Army Air Forces, 3848rd Fighter Sqd., 55th 
Fighter Gp., A.P.O. 374, c/o Postmaster, New 
York, N.Y.; for mail, 15 Union St., Randolph, 


Mass. 

Wells, Edwin §., Jr. (42) (SKER), Gen. Elec. 
Co., 840 S. Canal St., Chicago 80, Tl. 

Wells, Gorden Samuel (J’44) (BNOM), Devel. 
Engr., Stow Mfg. Co., 445 State St.; for mail, 
78 Conklin Ave., Binghamton, N.Y. 

Wells, Henry Stuart, Jr. (J’87) (ZNRTSA), 
Energ. Lab. Asst., Friez Instrument Diy., Bendix 
Aviation Corp., Baltimore; for mail, 1926 Mt. 
Royal Terrace, Baltimore 17, Md. 

Wells, Herbert (’27;’88) (SFKE), Sales Engr., 
Coon DeVisser Co., 2051 W. Lafayette Blvd., 
Detroit 16; for mail, 6068 Kensington Rd., 
Detroit 24, Mich. 

Wells, James Earl (J’48) (ACYZ), Devel. Engr., 
Goodyear Aircraft Corp., Massillon Rd., Akron; 
for mail, 479 E, Buchtel Ave., Akron 4, Ohio. 

Wells, James Milton (’26; 745) (OHM), Sales 
Engr., Motch & Merryweather Mchy. Co., 2842 
W. Grand Blvd., Detroit 2, Mich. 

Wells, John Arthur (J’44) (SEBHRL), Sales & 
Application Engr., Westinghouse Elec. Corp., 1 
Montgomery St., San Francisco, Calif. 

Wells, Richard Carter (J’41) (MCA), Planner 
& Scheduler, Planning & Matl. Dept., Glenn L. 
Martin Co., Baltimore 8; for mail, 3301 W. 
Strathmore Ave,, Baltimore 15, Md. 

Wells, Robert F. (J’40) (BOM), c/o Engrg. 
Drawing Office, Canadian Vickers Ltd., Maison- 
neuve, Montreal, Que., Can. 

Wells, Robert Henri ('42), Pres., Corrigan, Os- 
burne & Wells, 60 E. 42nd St., New York, N.Y. 
Wells, Robert Lynn (J’40) (BCA), Asst. Proj- 
ect Engr., Engrg. Dept., Aviation Gas Turbine 

Div., Westinghouse Elec. Corp., Lester, Pa. 

Wells, Walter Farrington (’14), Retired; 458 
Washington Ave., Brooklyn 5, N.Y. 

Wells, William Daemish (’42) (HMRC), Asst. 
Plant Supt., Tedlee Chem. Co., 115 Dobbin St., 
Brooklyn; for mail, 189 Weaver St., Larchmont, 
Nee 


Welly, Robert Burton (J’41) (AEK), Ensign, 
U.S.N.R.; 18415 Lauder Ave., Detroit, Mich. 
Welp, Robert Russell (J’41) (ACMYO), Ensign, 
U.S.N.R., Carrier Aircraft Serv. Unit 1, F.P.0., 

San Francisco, Calif. 

Welsch, Arthur Harry (J’42) (OMA), 2nd Lt., 
Army Air Forces, Maint. Engrg. Officer, Army 
Air Field, Box 517, Kingman, Ariz.; for mail, 
814 S. Springfield Ave., Chicago 24, Il. 

Welsh, Ernest J. (J’40) (CLJSZ), Plant Engr., 
Louisville Div., Natl. Distillers Products Corp., 
7th & Bernheim Lane, Louisville, Ky. 

Welsh, Harvey William (J’45), Specification 
Engr., Wright Aero. Corp., 182 Beckwith Ave., 
Paterson, N.J, 

Welsh, Jack Reed (J’40) (ACM), Lt., U.S.N.R., 
Bur. of Aero., Navy Dept., c/o Pratt & Whitney 
Div., Niles-Bement-Pond Co.; for mail, 4801 
Roanoke Pkwy., Kansas City, Mo. 

Welsh, John Vernon (’45) (KCHLY), Sales 
Engr., Owens-Corning Fiberglas Corp., 8445 W. 
8th St., Los Angeles 5; for mail, 8882 Olympiad 
Dr., Los Angeles 48, Calif. 

Welsh, Milford Gordon (’45) (CHSW), Mech. 
Ener., Newport News Waterworks Comm., City 
Hall, "Newport News; for mail, R.F.D., Denbigh, 
Va. 
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Welsh, Robert W. (J’35) (OSBLKO), Design 
Engr., Monsanto Chem. Co., 1700 S. 2nd St.; 
ar mail, 2829-A Michigan Ave., St. Louis 4, 


Welsh, William Howard (’42) (BEFKS), M.M., 
Power Plant, N.Y. Naval Shipyard, Brooklyn: 
for mail, 122 Willoughby Ave., Brooklyn 5, N.Y. 

Welshman, Hugh (44) (SLBJON), Mer., Indus. 


Piping Div., Grinnell ea RS: 260 W. Ex- 
change St., Providence 1, 
Welter, Gustave C22: ra (SFKCJE), V.P., 


Ch. Engr., Bigelow Co., Box 706, New Haven 3; 
for matl, 670 Winthrop Aye., New Hayen 11, 


Conn. 

Welti, Robert Walter (J’43) (ZLFA), Radio 
Technician, 2nd Class, Naval Sta. Box 24, Navy 
8149, F.P.0., San Francisco, Calif. 

Weltman, Albert Bernard (J’45) (COMJNY), 
Engr. Trainee, Wagner Elec. Corp., 6400 Plym- 
outh St., St. Louis, Mo.; for mail, 101 N. 10th 
St., East St. Louis, Il. ' 

Wempe, Robert Herman (J’44) (OCA), Engr., 
Carrier Corp., 20 N. Wacker Dr., Chicago 6, Ill. 

Wemple, Merritt Clark (J’48) (CHMNY), Pres., 
Gen. Mgr., Pump Engrg. Co. Inc., Rm. 519, 
1831—8rd Ave. Bldg., Seattle 1, Wash. 

Wendel, D. P, (’34;’85) (A), Ch., Boiler Opera., 
Buffalo Gen. Elec. Co., O. R. Huntley Sta. 2, 
ress Bldg.; for mail, 8442 Main St., Buffalo, 


Wendell, Dwight Marston (J’45) (OMYL), Tech- 
nician, 5th Grade, Corps of Engrs., U. S.A, (as- 
signed to Carbide & Carbon Chemicals Corp. as 
Tech. Engr.), Spec. Engrg. Det., Bks. Area, Oak 
Ridge, Tenn.; for mail, Axtell, Neb. 

Wendes, John C, H. (’28) (BELNY), Ch. Engr., 
Naugatuck Chem. & Synthetic Rubber Divs., U.S. 
Rubber Co., 1280 Ave. of the Americas, New 
York 20, N.Y.; for mail, 888 Marlboro Rd., 
Englewood, N.J. 

Wendschuh, 0. H. (J’46) (FHS), Mech. Engr., 
Ft. Howard Paper Co.; for mail, 1821 S. Broad- 
way, Green Bay Wis. 

Wendt, Edgar F, (’21), Pres., Buffalo Forge Oo., 
490 Broadway, Buffalo, . 

Wendt, Leland Arthur (85 345) (ESRF), Sr. 
Field Test Engr., Shell Oil Co., Inc., Wood River, 
a for mail, 8555 Church Rd., St. Louis 15, 


oO. 

Wendt, William Rudolph, Jr. (J’45) (OKRS), 
Instr. in Mech. Engrg., Univ. of Wis., 1513 Uni- 
versity Ave., Madison 6, Wis. 

Wene, Alvin William 6p 42) “(SKLBOY), Drafts- 
man, Engrg. Dept., Rohm & Haas Co., Inc., Box 
219, Bristol; for mail, 5024 OC St., Philadelphia 


20, Pa. 

Wener, Nathan LeCuaxe (J’41) (ABM), Lt., 
U.S.N.R., YDG-6, F.P.0., San Francisco, nes 
or mail, 125 W. Lee St, Louisville 8, Ky. 
enig, Harold George (a 45) (ANJBMZ), Pyt., 
Army Air Forces, 4000th Base Unit, Wright 
Field, Dayton, Ohio ; for mail, 165 Broome St., 
New York 2, N.Y. 

Wenner, James John (’45) (OSCKMN), 4228— 
81st St., Cincinnati, Ohio. 

Wentworth, E, Francis (722; ’80), Sales Engr., 
N.Y. Air Brake Co., 420 Lexington Ave., New 
York, N.Y.; for mail, 86 Washington Terrace, 
East Orange, N.J. 

Wentworth, Harry Thomas (’41) (OMOY), | 
Partner, Harworth Engrg., 860 Valley; for mail, 
891 Turrell Ave., South Orange, N.J. 

Wentworth, Reginald Andrew (’11; 13) (CDM), 
te Counsel, 165 Crescent Ave., Plainfield, 


Wentz, Heidel Howett (’26) (CDEFMR), Ex- 
pediter, Worthington Pump & Mchy. Corp., Rob- 
erts Ave., Buffalo 6, N.Y. 

Wenzel, Alfred C, (’27;'40) (FSZHCO), Ch. 
Contract Engr., Republic Flow Meters Co., 2240 
Diversey Pkwy., Chicago 47; for mail, 6619 N. 
Rockwell St., Chicago 45, 1. 

Werft, August Rudolph ('45) (DFHINO), Mech. 
Engr., H. ©. Frick Coke Co., Fayette Title & 
Trust Bldg.; for mail, 166 S. Mt. Vernon Ave., 
Uniontown, Pa. 

Werger, John Richard (J’42) (ABCGME), Prod. 
Liaison Engr., Wright Aero. Corp., Paterson 8; 
for mail, 284 Bluff Rd., Palisade, N.J. 

Werley, Harlan R. (J'45) (DLBONH), Plant 
Layout & Design, Campbell Soup Co., 101 Market 
St., Camden; for mail, 268 Kings Highway wW., 
Haddonfield, N.J. 

Werner, Frederick William (J’383) (NMDBCA), 
Finishing Mill Engr., Scott Paper Co., Front & 
Market Sts., Chester; for mail, Mt. Alverno Rd., 
R.D. 2, Media, Pa. 

Werner, George Henry (J’41) (BAHM), Engr., 
Gen. Elec. Co., Thompson Rd., Syracuse; for 
mail,, S. Main St., North Syracuse, N.Y. 

Werner, Herbert Blake (J’45) (ES), Mech. 
Engr., Design, Ord., Army Serv. Forces, Aber- 
deen Proving Ground; for mail, 18 Aberdeen 
Ave., Aberdeen, Md, 

Werner Philip (’82; '40) (NMOBJ), Mech. Engr., 
Plant Engrg. Dept., Babcock & Wilcox Co., 
he teas for mail, 566 Roslyn Ave., Akron 2, 
Ohio. 

Werner, Richard (’25;’85) (EFS), Cons. Engr., 
W. T. Waggoner Bldg., Ft. Worth, Tex. 

Werner, Roy Walter (J’44) (JWF), 21-12—81st 
St., Long Island City 5, N.Y. 

Woerngren, Martin Stuart (387) (SBKCHJ), 
Maj., Ord. Dept., U.S.A., Military Trng. Div., 
Hdq., Army Sery. Forces, ‘Washington, D.C., 


Wernick, Nathaniel Kenneth (J’43) (OCMNJ), 
Assoc. Ch. Engr., Associated Electronics Co., 182 
Nassau St., New York 7; for mail, 438 Amboy 
St., Brooklyn 12, N.Y. 

Werst, Harry Kenneth (J’26) (OMTDLS), Fac- 
tory Mgr., Williamson-Dickie Mfg. Co., 509 

: Vickery Blvd., Ft. Worth 1; for mail, 3105 West- 

: cliff Rd. W., Ft. Worth, Tex. 

' Wert, Edwin Arthur (’31), Gen. Mgr., S.W. Re- 
gion, Kennedy-Van Saun Mfg. & Eng. Corp., 
1021—9th & Hill Bldg., 315 W. 9th St., Los 
Angeles 15, Calif. 

* Wertman, David (J’36) (HBNMZ), Sr. Enegr., 

4 Bur. of Ord., Navy Dept., Washington, D.C. ; 

4 for mail, 2703 Webster St., Mt. Rainer, Md. 

_ Wery, Albert George (’41) (BCHLN), Project 

: Engr., Whipple & Rattray Co., 114 Liberty St., 

¢ New York, N.Y.; for mail, 722 Larch Ave., 

ie Teaneck, N.J. 

(742), 


Weschler, George A, 

7 Warrenton, Va. 

Weschler, Maurice Elmo (’21;’31) (OSEKFN), 
Head, Dept. of Mech. Engrg., Catholic Univ. of 
Am., Washingtou 17, D.C.; for mail, 6510 Sum- 
mit Ave., Chevy Chase 15, Md. 

“Weschler, William Sampson (J’43) (BJMNYA), 

4 Mech. Design & Devel. Engr., RCA Victor Div., 

Radio Corp. of Am., Front & Cooper Sts.; for 

Es mail, 1530 Baird Ave., Camden, N.J. 

Wescott, Blaine B. (’29) (JBH), Ch., Matls. 
& Prod. Chemistry Div., Gulf Research & Devel. 

Co., P.O. Drawer 2038, Pittsburgh 30, Pa. 
Weselik, Leslie Joseph (’45) (LNOOZK), Devel. 
(y Engr., White Cap Co., 1819 N. Major Ave., Chi- 
i CABO; for mail, 844 E. 87th Pl., Chicago 19, 


Wesemann, Edwin J. (J’41) (SOMO), Mech. 
Design Engr., Ebasco Services, Inc., 2 Rector 
St., New York 6; for mail, 59 Union St., Valley 
Stream, N.Y. 

Weske, John Robert (’34; 35) (BASHKE), Prof. 
Aero. Engrg., Rensselaer Poly. Inst., Troy, N.Y. 

Wesson, Charles Macon (H’41), Maj. Gen., 3114 
“OQ” St., N.W., Washington, D.O. 

Wesson, Paul Bancroft (’12) (BDKL), Mech. 
Engr., Eastman Kodak Co., Kodak Park; for 
mail, 121 Gorsline St., Rochester 13, N.Y. 

Wesstrom, David Boman (J’28) (BJS), Process 
Engr., E. I. du Pont de Nemours & £0., Wilming- 
ton; for mail, 311 W. 34th St., Wilmington 218, 


Del. 

West, Arthur (’02; 718; F’37) (EFSN), Vice- 
President, ’0709; Retired; The Huntington 

; Hotel, Pasadena 15, Calif. 

\ West, Charles Ernest (J’40) (AZCBMO), Ensign, 
U.S.N.R., Naval Research Lab. ; for mail, 3817— 
2nd St., S.E., Washington 20,*D.C. 

West, Donald Parker (J’89) (JMNBCO), Asst. 
Plant Engr., Simonds Arbasive ©o., Tacony & 
Fraley Sts., Philadelphia 87; for mail, 22 N. 
Old York Rd., Willow Grove, Pa. 

_ West, Frank Russell (’40) (BJM), V.P., Charge 

‘gs of Engre., Excel Fdy. & Mch. Oo., Inc., Fall 
anes Mass.; for mail, Box 164, San Andreas, 

alif. 

' West, Henry Ivey (°41;’43) (SFO), Ch. Power 

| Plant Engr., Univ. of N.C.; for mail, 503 
Cameron Ave., Chapel Hill, N.O. 

West, Howard F. (’38) (CEOJSF), Ch. Mech. 

# Engr., Mfg. Dept., Stand. Oil Co. of Ohio, Mid- 
ie Jand Bldg., Cleveland 15, Ohio. 
_ West, James D. (J’41) (JKM), 4734 Dorchester 
Ave., Chicago, Il. 

West, James Edward, Jr, (J’44), Mech. Engr., 
Bearing Design, SKF Industries, Inc., Front & 
Erie Aves., Philadelphia; for mail, 3307 Long- 
shore Ave., Philadelphia 24, Pa. 

West, John P. (J’43) (SBKMEN), Lt. (j.g-), 
U.S.N.R., Engrg. Exper. Sta., Annapolis, Md. ; 

‘ ue mail, 955 Lexington Ave., New York 21, 

_ West, John Tunnell, Jr, (’41) (SOTELF), Mech. 

i Engt., Lehigh Engrg. Co., 1150 Mauch Chunk 
Rd., Bethlehem; for mail, R.D. 1, Barto, Pa. 

West, John W., Jr. (J’19), Secy., Commercial 
Sec., American Gas Association, 420 Lexington 
Ave., New York, N.Y. 

West, Louis Lester (’36) (CNMJB), Ch. Engr., 

' Gries Reproducer Corp., 780 E. 138rd St., New 

iz York 54; for mail, 270 Ocean Ave., Seaford, 


ets Nevo 

West, Robert Ferguson (J’43) (MNOWGB), 
Mech. Engr., Design & Devel., T. C. Wheaton 
Co., 212 G St., Millville, N.J. 

West, Sidney Smith (J’42) (BCHLMN), Design- 
ing Engr., Hauselmann Engrg. Corp., 4757 
Broadway; for mail, 4755 Raleigh St., Denver 
12, Colo. 

West, Woodrow Wilson (J’43) (DNBH), Sales 
& Serv. Engr., Pa. Crusher Co., Liberty Trust 
Bldg., Philadelphia; for mail, 1502 Hickory 
Lane, Rosemont, Pa. 

Westaway, Clarence Royal (’44) (HSLKEA), 
Centrifugal Pump Specialist, Ingersoll-Rand Co., 
285 Columbus Ave.; for mail, 179 Malboro St., 

Boston 16, Mass. 

| Westcott, Harry R. (16; 536) (CSDLMO), 

if Manager, ’31-’34, Vice-President, ’34-'36 and 37; 

| Pres., Westcott & Mapes, Inc., 109 Ohurch St., 

ie New Haven 5, Conn. 

Westendorf, Charles Leslie (’39;’45) (OFLS), 
Power Design Engr., Engrg. Dept., E. I. du Pont 
de Nemours & Co., Wilmington, Del. 

Westerberg, C. Frederick (’22), Ch. Draftsman, 
Stanley Works, Seaview Ave.; for mail, 360 
Gurdon St., Bridgeport 6, Conn. 
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Westerdahl, Axel (’27) (LWSD), Engr., W.Va. 
Pulp & Paper Co., 230 Park Ave., New York 17, 
Soe for mail, 57 Woodland Rd., Bloomfield, 


Westergaard, Harald Malcolm (’39) (B), Dean, 
Graduate Sch. of Engrg., Gordon McKay Prof. 
Civ. Engrg., Harvard Univ., 212 Pierce Hall, 
Cambridge 38, Mass. 

Westergaard, Viggo (’45) (EHJ), Dept. of Pub. 
Works, 125 Worth St., New York 13, N.Y. 

Westerlund, George Erhard (’87;’44) (OSDO 
EF), Mech. Supvr., Mech. Engrg. & Power Plant 
Design, Burns & Roe Inc., 283 Broadway, New 
York .7; for mail, 4313—9th Ave., Brooklyn 


$2, NY. 

Westermaier, Francis Victor (’81) (CFLMO), 
V.P., Charge of Engrg., Lloyd Associated Ine., 
1530 Lewis Tower, Philadelphia 2, Pa.; for mail, 
400 King’s Highway E., Haddonfield, N.J. 

Westermann, John Leonard, Jr. (J’43) (SJKF), 
Turbine Engr., Gen. Elec. Co., 840 S. Canal St., 
Chicago 80, Ill. 

Westervelt, W. I. (15) (AFJ), Brig. Gen., 
U.S.A., Retired, Ross & Co., Engrs. & Consultants, 
441 Lexington Ave., New York 17; for mail, 
Vanderbilt Hotel, Park Ave. at 34th St., New 
York 16, N.Y. 

Westin, Lloyd Judson (J’48) (SOEFKN), Engr., 
Power Plant Work, Day & Zimmermann Inc., 
Packard Bldg., Philadelphia 2; for mail, 728 E. 
Dorset St., Philadelphia 19, Pa. 

Westin, Warren Charles (J’42) (MCD), Asst. 
Indus. Engr., Fed. Tel. & Radio Corp., 591 
Broad St., Newark 2, N.J. 

Westlake, William Gladden (’45) (MLDK). 
Asst. Mech. Engr., Solvay Process Co., Hopewell, 


Va. 

Weston, Everett Hawes (J'89) (RNJYFB). 
Leading Loco. & Car Draftsman, Chicago & North- 
west. Ry., 4200 W. Kinzie St., Chicago 24; for 
mail, 2060 Ridge Ave., Evanston, II. 

Weston, Leonard Arthur (’44), Adviser to Am 
Consulate Gen, at Batavia, Java, Dept. of State, 
Washington, D.C.; for mail, 59 Colton, Spring- 
field, Mass. 

Wetherbee, Arthur Everett (J’40) (ABNKZO), 
Flight Test Engr., Pratt & Whitney Aircraft Div., 
United Aircraft Corp., 400 Main St., East Hart- 
ford 8; for mail, 27 Basswood St., Newington, 


Conn. 
Wetherill, Fred V. (19; ’80) (JKL), Box 43, 
Rosemont, Pa. 
Wetherill, Robert, Jr. (’19) (FJ), Retired; 
Cleveland Athletic Club, Cleveland 15, Ohio. 
Wetter, Pierce Trowbridge (’27; 30; 785) 
(MAN), Pres., Wetter & Williams Corp., 416— 
88th St., Brooklyn 9; for mail, 24 Washington 
Sq., New York 11, N.Y. 

Wetterstrom, Edwin (J’44) (ABHJNS), Me- 
ena Engr., 5518 W. Huron St., Chicago 44, 


Til. 

Wetz, Leonard R. (J’40) (CEK), R.R. 2, Mor- 
row, Ohio. 

Wetzel, Irwin Theodore (J’40) (KEFBZ), Lec- 
turer, Dept. of Mech. Engrg., Tech. Inst., North- 
west. Univ., Evanston, Ill. 

Wetzel, John J. (J’36) (CBEFAH), Gear Engr., 
Dodge Div., Chrysler Corp., 7900 Jos. Campau 
St., Hamtramck; for mail, 4660 Bedford Rd., 
Detroit 24, Mich. 

Wetzel, Theodore Alfred (’41) (BNZLJC), De- 
vel. Research Engr., Kearney & Trecker Corp., 
6784 W. National Ave., Milwaukee 14; for mail, 
2027 N. 47th St., Milwaukee 8, Wis. 

Wexler, Meyer (J’30) (HKS), Sales Engr., Foster 
Wheeler Corp., 165 Broadway, New York, Nowe: 
for mail, 559 W. Inman Ave., Rahway, N.J. 

Weyers, Curtis Robert (J’41) (EKS), Field 
Serv. Engr., Babeock & Wilcox Co., 85 Liberty 
St., New York 6; for mail, 190 Beach 43rd St., 
Far Rockaway, L.I., N.Y. 

Weygandt, Arthur Scott (’45), Tech. Dir., In- 
dustrias Quimicas Argentinas “Duperial,”’ Paseo 
Colon 285, Buenos Aires, Argentina, S.A. 

Weygant, Robert M. (J’39) (CDM), Sales Road- 
man, Engr., Am. Can Co., 14th St. & Sheridan 
Rd., North Chicago; for mail, 1018 N. Sheridan 
Rd., Waukegan, Ill. 

Weyher, Theodore A, (40) (C), Col., Am. Lega- 
tion, Berne, Switzerland. 

Weymouth, Thomas Rote (710; 136) (EFBG 
OH), Vice-President, ’80-'32; Cons. Engr., 930 
Park Ave., New York 28, N.Y. 

Whalen, Francis (J’39) (CJODAM), Engr., 
Humble Oil & Refining Co., Baytown; for mail, 
3114 University Blvd., Houston 5, Tex. 

Whaley, Frank Halsey (J’38) (MDC), Ener., 
Am. Sugar Refining Co., 49 S. 2nd St., Brooklyn ; 
for mail, Main St., East Moriches, N.Y. 

Whaley, Fred ©. (J’41), Ensign, 151 E. 58rd 
St., Seattle, Wash. 

Whallon, James Elvin (’27; 784; ’°35) (S), Gen. 
Supt., Mech. Constr. Bur., Consltd. Edison Co. of 
N.Y., Inc., 4 Irving Pl., New York 3, N.Y. 

Wharton, H. Jerome (J’38) (EFCHOS), Engr., 
Gulf Oil Corp., 17 Battery Pl, New York; for 
mail, 82 N. Chatsworth Ave., Larchmont, N.Y. 

Wheat, James Clements (’44) Ch. Crane Engr., 
Indus. Brownhoist Corp., Bay City, Mich. 


Wheat, Oscar G, (’30;’39) (CDMAFS), Mgr., 
27th St. Plant, Armstrong Cork Co., Beaver 
Falls, Pa. 


Wheatley, John G. (’29), Supt., Engrg. Dept., 
Eagle, Globe & Royal Indemnity Co., 150 William 
St., New York, N.Y. 
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Wheaton, Henry Clay (°45), Mgr., N.Y. Office, 
Bailey Meter Co., 80 Church St., New York 7, 


N.Y. 

Wheaton, William E. (’21;’85) (CGM), Works 
Mer., Walter Scott & Co., South Ave.; for mail, 
818 Webster Pl., Plainfield, N.J. 

Wheeler, Albert Henry (’44) (SR), Steam Serv. 
Supvr., Westinghouse Elec. Corp., $001 Walnut 
St., Philadelphia 4; for mail, 646—l15th Ave., 
Prospect Park, Pa. 

Wheeler, Brian ('48) (R), Asst. Mech. Engr., 
Lima Loco. Works, Inc., Lima, Ohio. 

Wheeler, Burr (‘18) (SRJEC), Exec. V.P., Chile 
Exploration Co., 25 Broadway, New York 4, 
is 


a 

Wheeler, Chester C, (J’40) (ANS), Mech. Engr. 
Pp-3, Naval Ord. Testing Sta., 1030 E. Green St., 
Pasadena 1; for mail, 2088 Pepper Dr., Alta- 
dena, Calif. 

Wheeler, Frank Gideon (’41) (BJM), Miehle Pte. 
Press & Mfg. Co., 14th St. & S. Damen Ave, 
Chicago; for mail, R.R. 1, Hinsdale, Nl. 

Wheeler, Fred Aston (A’45) (OKEFNB), 5000 
Finley Ave., Los Angeles 27, Calif. 

Wheeler, Gardner Edmund, Jr. (J'36) (DIM 
CLN), Sales Engr., G. E, Wheeler Co., 453 
Chapel St., New Haven; for mail, 64 Marvel 
Rd., New Haven 15, Conn. 

Wheeler, Hobart W. R. (30) (®), Sales & 
Engrg. Consultant, Griscom-Russell Co., 285 
Madison Ave., New York 17, N.Y. 

Wheeler, James Walker (J’45) (ZACMBO), 
Product Engr., Sperry Gyroscope Co., Great 
Neck ; for mail, 8 Highland Pl., Sea Cliff, N.Y. 

Wheeler, John Edwin (J’42) (EASFZ), Devel. 
Engrg., Superior Eng. Div., Natl. Supply Co., 
Springfield, Ohio. 

Wheeler, Joseph B. (’88) (BFS), Asst. Ch. Engr., 
Steam Power Plants Dept., Cahokia Power Plant, 
Union Elec. Co. of Tl., Monsanto, Il. 

Wheeler, Louis James (’28) (CDF), Gen. Supt., 
Lone Star Cement Corp., 1217—1st Natl. Bank 
Bldg., Dallas 1, Tex. 

Wheeler, Richard Carlton (J’44) (CSLOFR), 
Maint. Supt., Calvert Distilling Co., Relay; for 
mail, 5619 Oakland Rd., Baltimore 27, Md. 

Wheeler, Walter George (J°37) (NABJ), 1487 
Midvale Ave., West Los Angeles 24, Calif. 

Wheeler, William Alfred, Jr. (J’45) (NBM), 
Mch. Designer, Bullard Co., 286 Canfield Ave., 
Bridgeport 2; for mail, 90 Aldine Ave., Bridge- 
port 4, Conn. ne - 

Wheelock, Bennett Robinson, Jr. (738 ; *45) (SK 
FDLO), Mech. Engr., Gilbert Associates, Inc., 
412 Washington St., Reading; for mail, 204 
Harvard Blvd., Lincoln Park, Pa. 

Whelan, Paul R. (’39) (EFS), 708 W. Bethune 
St., Detroit 2, Mich. 

Whelan, Roderick Joseph (20;'385) (CJM), 
Pres., Ohio Nut & Bolt Co., 600 Front St., Berea, 
Ohio. 

Whelchel, Cornelius Cooper (’39) (SCKFDB), 
Ch. Mech. Engr., Buffalo Niagara Elec. Corp., 
535 Washington St., Buffalo 3, N.Y. 

Wherritt, Charles Reed (46) (BOT), Mech. 
Engr., Celanese Corp. of Am. ; for mail, 582 
Cumberland St., Cumberland, Md. ’ 

Whetzel, J. C. (44), 1811 Murdoch Rd., Pitts- 
burgh, Pa. 

Whipp, Wendell E. (’30) (BOM), Pres., Monarch 
Mch. Tool Co., Sidney, Ohio. 

Whipple, Geo, F. (A’l7), Educational Dir., 
Whipple Tech. Libraries, Boston, & Thomas Publ. 
Co., 461 E. 8th Ave., New York, N.Y.; for mail, 
50 Beacon St., Boston 8, Mass. 

Whipple, James Halley, Jr. (746) (AER), Supt. 
Diesel Equip., Denver & Rio Grande West. R.R. 
Co., 1531 Stout St., Denver, Colo. 

Whipple, Richard Starbird (J’41) (ADM), Ist 
Lt., Army Air Forces, Meteorology Br., 19th 
Weather Sqd., A.P.O. 622, c/o Postmaster, 
Miami, Fla. ; for mail, 30 Madison Ave., Newton- 
ville 60, Mass. ‘ 

Whipple, Thomas T, (729 ;’41) (EKMB), Proj- 
ect Engr., Lummus Co., 420 Lexington <Ave., 
New York; for mail, 830 Bronx River Rd., 
Bronxville 8, N.Y. 

Whipple, William (’05; 16) (ESFKH), Prof. 
Steam Engrg., La. State Univ., University Sta., 
Baton Rouge 8, La. 

Whisler, Forbes Devon (J’35) (ESRAFO), Ex- 
per. Engr., Baldwin Loco. Works, Paschall P.Q;; 
for mail, 4527 Walnut St., Philadelphia 42, Pa. 

Whistler, Arthur McLeod (’44) (EFHKLZ), 
Process Engr., C. F. Braun & Co., 1000 S. Fre- 
mont Ave., Alhambra, Calif. 

Whistler, Charles Clayton, Jr. (J’45) (CROA 
MY), Layout Engr., Frigidaire Div., Gen. Motors 
Corp., Moraine City; for mail, 206 W. Hudson 
Ave., Dayton 5, Ohio. 

Whitacre, Verne L. (’43) (KLYF), Insulation 
Mer., N.Y. Power Products Dept., Johns-Manville 
Sales Corp., 22 E. 40th St., New York 16, NiYaos 
for mail, 275 Engle St., Englewood, N.J. 

Whitaker, Charles H. (J’23) (AGKZ), Oven 
Engr., Crown Cork & Seal Co., Box 1837, 4425 
Eastern Ave., Baltimore 8, Md. 

Whitaker, Ebenezer (23) (CES), Ch. Engr., 
N.Y, Athletic Club, 180 W. 59th St., New York, 
N.Y.; for mail, 889 Lincoln Ave., Cliffside Park 
10, N.J. 

Whitaker, Harry Emerson (718; 35; F’48) 
(AEF), V.P., Ch. Engr., Dir., Ford, Bacon & 
Davis, Ine., 89 Broadway, New York 6, N.Y. 
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Whitaker, John Albert (’19; ’24;’35) (AB), De- 


signing Engr., Douglas Aircraft Co., Santa 
Monica; for mail, 5430 Auckland Ave., North 
Hollywood, Calif. 

Whitaker, Randall Judson (’30;’45) (CYZN 
JM), Supervisory Inspr., Quality Control, Naval 
Torpedo Sta.; for mail, 13 Pell St., New- 
port, R.I. 

Whitaker, U. A. (’24;’36) (ACJMNZ), Pres., 


Aircraft-Mar. 1523 N. 4th St., 
Harrisburg, Pa. 


Whitaker, Will Alton (733; 785) (LBJD), Asst. 
Head, Engrg. Dept., La. Div., Stand. Oil Co. of 


Products Inc., 


N.J., Box 551, Baton Rouge 1; for mail, 1167 
Main St., Baton Rouge 8, La. 
Whitcomb, Adrian H. (J’39) (EFR), 84 F. 


George Legare Homes, Navy Yard 54, S.O. 
Whitcomb, Charles F., Jr. (J3’84) (BS), 107138 


N. Libya St., Portland 8, Ore. 
White, A. 0, Jr. (J’46),” Lecturer, Ga. Sch. of 
Tech. ; for mail, 810 Ponce de Leon Ave., N.E., 


Atlanta, Ga. 

White, Albert Easton (’23) (JSO), Manager, ’42- 
’45; Prof. Metal. Engrg., Dir. of Engrg. Re- 
search, Univ. of Mich., Ann Arbor, Mich. 

White, Albert Francis (’18) (DFO), Sales Engr., 
John Inglis Co., 14 Strachan Ave.; for mail, 
130 Glendale Ave., Toronto, Ont., Can 

White, Albert Outram (731; 743) (SERN), De- 
sign Engr., Turbine- Generator Eng. Div., Gen. 
Elec. Co., i River Rd., Schenectady 5; for mail, 
302 Root Ave., Schenectady DINGY. 

White, Alden D. (’34; 40) (CES), Mech. Engr., 
Stone & Webster Energ. Corp., 49 Federal St., 
Boston; for mail, Box 305, Hanover, Mass. 

White, Bradford C. (J’38) (SBKH), Engr., 
Process Div., Stone & Webster Engrg. Corp., 49 
Federal St., seek 7; for mail, 3 Hancock Ave., 
Lexington 73, 

White, Britton 5 OB: 985; 735) (CM), Indus. Engr., 
519 Security Bldg., Denver 2, Colo. 

White, Clarence John (J’45) (EFJYWL), Spe- 
cialties Div. Rep., Natl. Tube Co., 820 Travis, 


Houston 2, Tex. 
(J’41) (JKP), Gen. Del., 


White, Edward W. 
Archer City, Tex. 

White, Ellis’ Edmond (741; ’42) (ACM), Tech. 
Dir., Trans-Pac. Corp., 1026 Pacific Mutual Bldg., 
Los “Angeles 14, Calif. 

White, Francis Everett (J’42) (SM), 127 Ex- 
change St., Emporia, Kan. 

White, Frank O. (’20) (FLW), Fraser Cos. Ltd., 
Edmundston, N.B., Can. 

White, Harold E. (’25; ’35) (FKS), Engr., Cons. 
Sec., Stone & Webster Energ. Corp., 49 Federal 
See Boston; for mail, 172 High St., Reading, 

ass. 

White, Harrison Gates (’38) (OSTHEF), Cons. 
Engr., 9 Andrew St., Springfield 9; for mail, 
182 Sumner Ave., Springfield 8, Mass. 

White, Henry Packard (J’34) (ABNOZ), Ch. 
Engr., H. P. White Co., Box 1852, 1958 E. 90th 
St., Cleveland 6, Ohio. 

White, Herbert Judson (09) (BCHJMN), Mer., 
White & Son, 25 Stuart St., Lynbrook, L.I., N.Y. 

White, Ira Morgan (41) *(HNCB), Ch. Ener., 
Pelton Water Wheel Co., 2929—19th St., San 
Francisco, Calif. 

White, J. H. (J’19) (EFS), Gen. Supt., Fla. 
Power & Light Co., Miami, Fla. 

White, J. W. Huyler (’42) (SFCLMD), Property 
Inspr., Prudential Ins. Co. of Am., 763 Broad St., 
Seyarks for mail, 32 Peck Ave., Newark 7, 


White, James A. (’00; A’18) (NDMTCO), Cons. 
Engr., 234 Locust St., Lockport, N.Y. 

White, James C. (’25;’37) (CTYD), Pres., Gen. 
Megr., Tenn. Eastman Corp.; for mail, 1214 Lin- 
ville St., Kingsport, Tenn. 

White, James Joseph, Jr. (’41), V.P., McArdle 
& Cooney, Inc., 519 Arch St., Philadelphia; for 
mail, 3 Green Hill Lane, Overbrook, Pa. 

White, John Culbertson (’06; 711) (EFKNOW), 
eet & Mech, Engr., 550 State St., Madison 3, 

is. 

White, John Ernest (J’45) (JN), Design Drafts- 
man, De Laval Steam Turbine Co., Nottingham 
Way, Trenton 2; for mail, 247 Atlantic Ave., 
Trenton 9, N.J. 

White, John Rigsby (’31; 
Dir., Imperial Oil Ltd., 56 Church St., Toronto 
1, Ont., Can. 

White, Jud E, (’34;'48) (ZLMO), Indus. Engr., 
Taylor Instrument Co., 95 Ames St.; for mail, 
80 Meadow Dr., Rochester 10, N.Y. 

White, Karl Karey, Jr. (3°35) (CJKLZB), Zone 
Maint. Supvr., Philadelphia Refinery, Gulf Oil 
Corp., Box 7408, Philadelphia; for mail, 59 
Price Ave., Lansdowne, Pa. 

White, Kenneth Hastings (J’40) (MJDCSH), 
Asst. Prof. Mech. Engrg., Rensselaer Poly. Inst., 
Troy, N.Y. 

White, Merton G. (’06;’21), Field Engr., Marlin 
Rockwell Corp., 182 E. Court St., Cincinnati 2; 
for mail, 2324 Park Ave., Cincinnati 6, Ohio. 

White, Paul A. (’31;’41) (EM), Indus. Sales 
Engr., Socony-Vacuum Oil Co., 907 S. 1st St.; 
for mail, 1314 BE. Kensington Blvd., Milwaukee, 


’41) (CLEFS), V.P., 


is. 

White, Philip Stuart (740) (CMWDJY), Dir. of 
Installation, George 8. May Co., 122 E. 42nd St., 
New York 17, N.Y. 

White, Raymond E. (20) (ACW), R.F.D. 1, Box 
198, Encinitas, Calif. 

White, Richard E. (J’38) (OMP), 112 Crestwood 
Dr., Houston 7, Tex. 


White, Robert H. (18) (RSMOFE), Ch. Engr., 
Am. Loco. Co., Schenectady 5; for mail, 1444 
Rugby Rd., Schenectady 8, N.Y. ; 

White, Robert Selim Ace 46), U.S. Navy, 356 
Albion St., Wakefield, 

White, Roger See tey war 42) (NZAS), Staff 
Mem., Engr., Los Alamos Scien. Labs., Box 1663, 
Santa. Fe, New Mex. 

White, Severn Andrew (44) (C), Ch. Safety 
Engr., Sun Indemnity Co. of N.Y., 55—5th Ave., 
New York 3; for mail, 5027 Lostd St., Jackson 
Heights, N.Y 

White, Thomas (30) (BHMNW), Managing Dir., 
Laighpark Engrg. Works, Thomas White & Sons, 
Ltd.; for mail, Hillside, Thornly Park Ave., 
Paisley, Scotland. 


White, Thomas Lester (’44) (MNJBOC), Ch. 
Engr., Commercial Shearing & Stamping Co., 
1775 Logan Ave., Youngstown ; for mail, 602 


Willis Ave., Youngstown 7, Ohi 

White, Trescott Slemons (743) (BENR), Design 
Engr., Enterprise Eng. & Fdy. Co., h & 
Florida Sts.; for mail, 51 Dolores Terrace, San 
Francisco 10, Calif. 

White, Vincent McKim (3’89) (COA), Sales 
Engr., Export, Westinghouse Elec. Internatl. Co., 
657 Wardman Park Hotel, Washington 8, D.O. 

White, W. Frank (J’38) (FCEY), Staff Engr., 
So. Calif. Gas Oo., Box 3249, Terminal Annex, 
Los Angeles 54; for mail, 364 W. Broadway, 
Glendale 4, Calif. 

White, W. M. (’06; F’43) (BCH), Cons. Engr., 
Suite 1115, 735 N. Water St., Milwaukee, Wis. 

Bits, Walter J. (?36), Box ‘44, Balboa Heights, 


white, Weston B. (J’45), Asst. Engr., Mech. 
Engrg. Dept., Consltd. Edison Co. of N.Y., Inc., 
4 Irving Pl., New York; for mail, 141-34—73rd 
Terrace, Flushing, 1D ALIGS N.Y. 

White, Wilbert "Leonard (J’45) (SOCHDN), 
Power Plant Prod. Foreman, Tex. Elec. Serv. Co., 
Elec. Bldg., Ft. Worth 3; jor mail, 3921 Persh- 
ing St., Ft. Worth 7, Tex. 

White, William McKean, Jr, (J’41) (MO), V.P., 
White Mfg. Co., Elkhart, Ind. 

White, William Robt. (on 87) (RBSD), Drafts- 
man, Paducah Shop, Ill. Cent. System; for mail, 
206 Harahan Blvyd., Paducah, Ky. 

Whiteford, Alexander W. (’21), Engr., Charge 
R.R. Sales, Haynes-Stellite Co., 30 E. 42nd St., 
New York, N.Y. 

Whiteford, Jas. F. (’08), Gen. Mgr., Cons. Engr., 
87 Regent St., London, England. 

Whitehead, Charles Powell (’46), Pres., Gen. 
Steel Castings Corp., Eddystone, Pa. 

Whitehead, Robert Charles, Jr, (J’42) (ESJN), 
Instr. in Mech. Engrg., Dept. of Mech. Engrg., 
Lehigh Univ., Bethlehem, Pa. 

Whitehouse, Irving (’37) (ABCJ), Mgr., Prod- 
uct Devel. Div., Republic Steel Corp., Cleveland ; 
for mail, 4409 Renwood Rd., South Euclid, Ohio. 

Whitehouse, John Charles (J’45) (BCM), Box 
431, Gen. P.O., Adelaide St., Toronto, Ont., Can. 


Whitehurst, John C. (J’32), Engr., Taylor- 
Colquitt Co., Box 1491, Spartanburg, S.C. 
Whitener, Ernest Karl (’42) (TCNG), Gen. 


Supt., Cocker Mch. & Fdy. Co., Box 431, Gas- 
tonia, N.C. 

Whitescarver, Leland Davenport (’44), Asst. to 
Mgr., Turb. Div., Gen. Elec. Co., Lynn, Mass. 
Whitesel, Harry Alfred ce (OKNZEA), 16 

Lorraine St., Glen Ridge, N 

Whiteside, Donald William 77:48), Sales Enegr., 
Howry-Berg Steel & Iron Works, 2949 N. Speer, 
Denver 11, Colo. 

Whiteside, Jim Tate (J’41) (NDMC), Sr. Engr., 
Supvr. Mech. Design Sec., Clinton Engr. Works, 
Tenn. Eastman Corp., Box 590, Knoxville 5; for 
mail, 107 E. Pasadena Rd., Oak Ridge, Tenn. 

Whiteside, Saml. P. (’16) (CFS), Test Engr., 
Swift & Co., Union Stock Yards, Chicago; for 
matl, 640 Hinman Ave., Evanston, Ill. 

Whiteside, Victor (’40) (SOFEL), Engr., Burns 
& McDonnell Engrg. Co., 107 W. Linwood, Kan- 
rear re a for mail, 5318 Harrison, Kansas 

whithela, iiathew Paul (J’40) (JMS), Ensign, 
Hee -N.R.; Box 52, 354 Central Ave., Centerville, 


Whitford, Robert Henry (’32;A’43) (BGM), 
Physics-Chemistry Librarian, College of the City 
of N.Y., Convent Ave. & 139th St.; for mail, 100 
Hamilton Pl., New York 31, N.Y. 

Whitham, Jay Manuel (’83) (HS), Retired; 134 
Mill St., Cambridge, Md. 

Whiting, Edward M. (’27;’35) (ACDJMZ), V.P., 
Ehsol Mfg. Co., 5700 Roosevelt Rd., Chicago 50, 


Whiting, Harold Willett (’45) (EKNSBH), Ch. 
Engr., Compressor Div., Worthington Pump & 
Mchy. Corp., Clinton & Roberts Sts., Buffalo; 
for mail, 521 S. Legion Dr., Buffalo 20, N.Y. 

Whiting, John G. (’42) (KCO), 1432 N. Clark 
St., Chicago 10, Ill. 

Whiting, R. A. (’09;’18) (RSEJKF), Power 
Engr., Pub. Serv. Co. of No. Ill., 72 W. Adams 
St., Chicago; for mail, 160 Olmstead Rd., River- 
side, Ill. 

Whitley, Frederic Nelson (’14) (FKOSB), Pres., 
Treas., Frederic N. Whitley, Inc., 173 Pacific St., 
Brooklyn 2, N.Y. 

Whitlock, Elliott H. (’01; F’36) (F), Manager, 
71316, Vice-President, ’33-’35; Owner, Whit- 
lock Mfg. Co., 11224 Locust Ave., Cleveland 2 
Ohio. 
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Whitlock, Stanley James (’42) (EJS), Ch. 
Engr., Besler Systems, Emeryville; for mail, 118 
Greenbank Ave., Piedmont, Calif. 

Whitman, Ezra Bailey (’24) (OSHE), Partner, 
Whitman, Requardt & Associates, 1304 St. Paul 
St., Baltimore 2, Md. 

Whitmarsh, Harry Charles (J’40) (CMADJ), 
Prod. Control Supvr., A . Dick Co., 720 W. 
Jackson Blvd., Chicago; for mail, 1000 Grove 
St., Evanston, "TH. 

Whitmore, Marvin (J’41 (MOSFOD), It, 
U.S.N.R., Coal Inspe. & Utilization, Office of Dir. 
of Supply, Naval Sta., Norfolk, Va. 

Whitmore, Ralph Delano (’45) (NMCLDY), 
Mech. Engr., 20th Century- eee Film Corp., 444 
W. 56th St., New York 19, 

Whitmore, William Wallave, tlt (J’46) (EMO), 
283 High St., Lockport, N.Y. 

Whitmyre, George Robert (J’37) (FS), Cent. 
sheires 2200 Prospect Ave., Oleveland 15, 

l 

Whitney, H. LeRoy (’22; BOY Rm. 400, 41 E. 
42nd St., New York 17, N.Y. 

Whitney, * Maurice Page (30) (JAH), Acting 
Gen. Mgr., Eclipse Mch. Div., Bendix Aviation 
Corp., Elmira, N.Y. 

Whitney, Morgan M. (J’23) (EK), Sales Engr., 
Griscom-Russell Co., 285 Madison Ave., New 
York, N.Y 

Whitney, Wm, M. (A’86), Pres., Baxter D. Whit- 
ney & Son, Inc., Winchendon, Mas ss. 

Whiton, Herbert Starkes (’15) (SEBFKD), Ch. 
Mech. Engr., Pub. Utility Engrg. & Serv. Corp., 
231 S. La Salle St., Chicago 4, Ill. 

Whiton, Lucius E, (’05), Pres., Treas., D. E. 
Whiton Mch. Co., 190 Howard St.; for mail, 
836 Pequot Ave., New London, Conn. 

Whitsit, Lyle Antrim (’22) (HOSCJF), Cons. 
ve Engr., Ebasco Internatl. Corp., 2 Rector 

., New York 6, N.Y. 

whitsite, William Baker (’18) (BEFRS), Re- 

ets 2810 Poplar Dr., Larchmont, Baltimore 7, 


d. ‘ 

Whitson, Lee Seymour (’39;’46) (CMDLNY), 
Ch, Indus. Engr., Minn. Min. & Mfg. Co,, 900 
Fauquier Ave., St. Paul; for mail, 4841 Harriet 
Ave., Minneapolis 9, Minn. ° 

Whitt, Sidney A. (J’33) (CKL), Ch. Engr., 
Cordley & Hayes, 443—4th Ave., New York 16; 
for mail, 630 Palisade Ave., Yonkers, N.Y. 

Whittaker, Harry (’45) GUND) Cons. Engr., 
211 Central Ave., Cranford, N.J 

Whittaker, Harry Leroy (v 44) (FKS), Supt., 
Steam Dept., Dow Chem. Styrene Div., Dow 
Chem. Co., Los Angeles; for mail, 803 Glendora 
Ave., Long Beach 8, Calif. 

Whittelsey, Charles Chauncey (’42) (CE), V.P., 
Ford, Bacon & Davis Constr. Corp., 39 Broadway, 
New York 6, N.Y. 

Whittemore, Herbert Lucius (’03;’10; F’86) 
(B), Manager, ’30-’33; Chief, Engrg. Mechanics 
Sec., Natl. Bur. of Stands., Connecticut Ave. & 
Van Ness St., Washington 25; for mail, 3906 
McKinley St., N.W., Washington 15, D.C. 

Whitting, Henry Colmer (J’39) (CMJB), Capt., 
Ord. Dept., War Dept., Office of Chief of Ord., 
Watertown Arsenal, Watertown, Mass. 

Whittingham, David John (J’42) (HNC), Ch. 
Project Engr., Hyd. Div., N.Y. Air apnake Co. ; 
for mail, 407 Cross St., Watertown, 


: Whittlesey, David Walter (J’40) GB0), 8404 


N.E. 17th Ave., Portland 12, Ore. 

Whittlesey, F, E. (19) (BEJ), V.P., Raymond 
Mfg. Co., Div. of Associated Spring Corp., 226 
Ss. Senter St., Corry, Pa. 

Whittlesey, James Wright (J’40) (ACE), Lt., 
U.S.N.R., Matl. Officer, Scout Observation Serv. 
Unit, F.P.O., San Francisco, Calif.; for mail, 
8404 N.E. 17th Ave., Portland 12, Ore. 

Whyte, Carl Barzellous (’46) (COP), Ch. Re- 
finery Engr., Tutwiler Refinery, Cities Serv. Refin- 
ing Corp., Lake Charles, La.; for matl, Box 423, 
Chicago 90, Ill. 

Wiberg, Oscar A. (’31), Svenska Turbinfabriks, 
Akttiebolaget, Ljungstrom, Finsping, Sweden. 
Wibling, Seth E. (J’34), H. Wibling Tool & 

Mfg. Co., 94 Taylor St., Danbury, Conn. 

Wicher, William Edward (J’45), 193 Lynn Shore 
Dr., Lynn, Mass. 

Wichum, Victor (’16;’21) (LYTZ), Maj., Indus- 
trial Engr., National Defense Research Comm., 
Franklin Inst., Philadelphia, Pa.; for mail, 1291. 
Dean St., Brooklyn 16, N.Y. 

Wick, G. Rodney (J’32) (FKL), Process Engr., 
Jefferson Chem. Co., Inc., 30 Rockefeller Plaza, 
New York 20, N.Y.; for mail, 766 Fairacres 
Ave., Westfield, N.J. 

Wick, Jas. L., Jr. (’32), Pres., Gen. Mgr., Falcon 
Bronze Oo., 218 S. Phelps St., Youngstown, Ohio. 

Wickenden, Thomas Howard (’28) (JC), Mgr., 
Devel. & Research Div., Internat]. Nickel Co., 
Ine., 67 Wall St., New York 5, N.Y. 

Wickenden, William Elgin (’29) (C), Pres., 
Case Sch. of py pied Sci., 10900 Euclid Ave., 
Cleveland 6, 

Wickersham, John. H. (’21) (CDEH), 14 S. Duke 
St., Lancaster, Pa. 

Wickersham, Nathan Rowland (’07) (CEJM), 
Retired; 106 E. 5th St., Corning, N.Y. 

Wicklatz, Edward G, (’ 42) (BJM), 5154 Montrose 
Ave., Chicago, IIl. 

Wickman, Lester Frederick (’44) (NMJLOD), 
Ch. Engr., Mech. Equip. Engrg. OCo., Inc., 170 
Alta Rd, “Oakland 11, Calif. 
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"Wicks, Clarence James (J’42) (CSTFDJ), Asst. 


Plant Engr., Ludlow Mfg. & Sales Co.; for mail, 
45 Park Pl., Ludlow, Mass. 


Wickstrom, Harold Ward (’45) (OEFKH), Cons. 


Ener., 507 S. Fuller Ave., Los Angeles 36, Calif. 

Widdowson, James Alfred (J’42) (KBZ), Sea- 
man, Ist Class, 114-484 Navy Pier, Chicago, 
TIll.; for mail, 200 Front St., York, P: 


a. 
-‘Widerman, Milton Alan (J’42) (A), 101 E. 13th 


| Wieber, 


Ave., Columbus 1, Ohio. 

Widmer, Arthur J. (’88) (MDCOL), Pres., Wid- 
mer Engrg. Co., Suite 918, 122 N. 7th St., St. 
Louis 1; for mail, 212 S. Elm Ave., Webster 
Groves 19, Mo. 

George A. (°15;°20;’35) (SELDT), 

Cent. Sta. Divs., Gen. Elec. Co., Schenectady ; 

for mail, 15 Wallace St., Scotia 2, N.Y 


Wied, Julius Paul ('43) (BMNY), Project Engr., 


Apex Elec. Mfg. Co., Sandusky, Ohio. 


-Wiedmer, Jack Bernard (J’42) (CEHMS), Lt. 


(j-g.), U.S.N.R., Ord. Stock Office, Naval Gun 
Factory, Bur. of Ord., Navy Dept., Washington 
ae for mail, 711 E. Capitol St., Washington, 


oe D.0. 
- Wieland, Chas. F. (’01) (ACM), 199 Hillcrest 


Rd., Berkeley, Calif. 


» Wienecke, Herman A, (’37), 1516 S. Florence 


Ave., Tulsa, Okla. 


* Wiener, Max (J’42) (AEM), 275 Seymour Ave., 


Newark, N.J. 


“Wiener, Philippe Jules (J’44), 2nd Lt., Inf., 


A.U.S., 3556th QM. Truck Co., A.P.O. 162, c/o 
Postmaster, New York; for mail, 12 W. 72nd St., 
New York 238, N.Y. 

Wiener, Robert Paul (’42) (NMAH), Seaman, 
2nd Class, Ship’s Co. Gunnery Bks. 113, A.S. 
Post Office, Camp Peary, Va. 

Wier, Joseph Patterson (J’45) (MAJCN), De- 
sign Engr., Geophysical Equip. Div., Magnolia 
Petroleum Co., Box 900, Dallas; for mail, 4625 
Belmont, Dallas 4, Tex. 

Wier, Robert Louis (J’46), Prod. Engr., Plant 
28, Fisher Body Div., Gen. Motors Corp., De- 
troit; for mail, 18473 Whitcomb, Detroit 19, 


Mich. 

Wier, William Parker, Jr. (J’42) (BJLZ), Proc- 
ess Engr., Bausch & Lomb Optical Co., 635 St. 
Paul St., Rochester 2; for mail, 474 East Ave., 
Rochester 7, N.Y. 


~ Wiese, Oscar Henry (°16;’20) (EFCKJS), Ch., 


: Wiesley, 


- Wiggin, 
Elec. 


Inspe. & Survey Sec., War Shipping Admin., 45 
Broadway, New York 6; for mail, 8448—85th 
Ave., Woodhaven 21, N.Y. 

Donald Bruce (J’40) (CMN), Asst. 
Plant Mer., Am. Can Co., 87th & E. 8th St., 
Oakland 1; for mail, 3601 Calafia Ave., Oak- 
land 3, Calif. 

Wiggenhorn, Roman Hubert (J’43) (BNHMAO), 
Lt., Army Air Forces, Engrg. Officer, A.P.O. 
19905-A, c/o Postmaster, San Francisco, Calif. ; 
for mail, 387 Clover St., Dayton 10, Ohio. 

Wiggin, Frederick Alexander (J’37) (ABR), 
Wahiawa, T.H. 

Rinaldo Edward (’45), Engr., Gen. 

Co., 40 Federal St., Lynn; for mail, 41 

Ballard St., Saugus, Mass. 


- Wiggins, Carlyle Aubrey, Jr. (J’44) (RSEHBN), 


i Wiggins, 


ee 


Spec. Apprentice, M.P. Dept., Norfolk & West. 

Ry., Box 197, Roanoke 2, Va. 

Maurice Edwin (J’37) (RCKFS), Gang 
Foreman, Supvr. Pool Equip., Wilmington Shops, 
Pa. R.R., Wilmington, Del.; for mail, 300 Main 
St., Riverton, N.J. 

Wiggins, William David, Jr. (J’41) (ACKS), 
Ensign, U.S.N.R.; for mail, 701 Hazelhurst Rd., 
Merion, Pa. 

Wiggs, Gordon Lorne (’41) (OCM), Prin., G. 
Lorne Wiggs & Co., 1411 Crescent St., Montreal 
25, Que., Can. 

Wight, Collins (°17; 19) (CHMOS), Cons. Engr., 
129 S. Ludlow St., Dayton 2, Ohio. 

Wightman, Frank Allen (24) (RSE), Asst. 
Mech. Engr., Mass. Dept. of Pub. Utilities, 167 
State House, Boston 33; for mail, 14 Calvin 
Rd., Newtonville 60, Mass. 

Wigle, Roy A. (J’26) (YCBETR), Owner, Im- 
perial Rug Co., 630 S. Fulton Ave., Mt. Ver- 
non; for mail, 15 Minerva Dr., Yonkers, N.Y. 

Wigren, Clarence F. (’43) (CMS), Estimating 
Engr., Combustion Engrg. Co., Inc., 200 Madi- 
son Ave., New York 16, N.Y. 

Wiitanen, Wilho William (°36;’46) (KLS), 
Stacey-Dresser Engrg. Co., 2068 E. 4th St, 
Cleveland 15, Ohio. 

Wikander, Oscar Ragnar (’19) (BCJMNR), Mel- 
ville Medallist, ’°35; Mech. Engr., Ring Spring 
Dept., Edgewater Steel Co., Box 478, Pitts- 
burgh 80, Pa. 

Wilberding, Marion X. (’28) (OSHCF), Pres., 
Wilberding Co. Inc., 1822 Eye St., N.W., Wash- 
ington 6, D.C. 

Wilbur, Ralph 8S. (’12; °16; ’34) (SHEF), Prof. 
Mech. Engrg., Chmn., Mech. Engrg. Dept., Duke 
Univ., Box 265, Durham, N.O. 

Wilbur, Richard Snow (J’41) (OJSF), Bethle- 
hem Steel Co., Sparrows Point; for mail, 3014 
Guilford Ave., Baltimore 18, Md. 

Wilcox, Abbott David (J’37) (SLNBDO), Hono- 
Yulu Iron Works Co., 165 Broadway, New York 
6, N.Y.; for mail, 34 Shelter Cove Rd., Milford, 


Conn. 
Wilcox, Allan Chester (J’42) (KJSEO), 1st Lt., 
Army Air Forces, Engrg. Officer, Route 1, East 


Lansing, Mich. 


ASME. MEMBERS—ALPHABETICAL LIST 


Wilcox, Carl Clifford (’05;°15) (SFEKHJ), 
Head, Mech. Engrg. Dept., Univ. of Notre Dame, 
Notre Dame; for mail, 1507 E. Colfax Ave., 
South Bend 17, Ind. 


Wilcox, Clyde E, (’34;’85), Pilot, Air Force 
Ferrying Comd., Municipal Airport, Nashville, 
enn, 

Wilcox, Donald Brooks (J’41) (MO), Prof., 
Dept. of Indus. Engrg., Ga. Sch. of Tech., 
Atlanta, Ga 


Wilcox, Edward Milton (’44) (CFS), Dist. Mer., 
Foster Wheeler Corp., 1304 Union Cent. Bldg., 
Cincinnati 2, Ohio. 

Wilcox, Harold C. (’24;’35) (EMR), 
Mech. Editor, Simmons-Boardman Publ. 
80 Church St., New York 7, N.Y. 

Wilcox, Joseph S, (’42), 623 James St., Pelham 


Manor, N.Y. 
(799 ; 714), of Bd., 


Assoc. 
Corp., 


Wilcox, Perley S. Chmn. 
Eastman Kodak’ Co., 343 State St., Rochester 4, 


N.Y. 

Wilcox, Ralph Stanley (J’45) (AK), Lt., Army 
Air Forces; 5446 Shasta Ave., Richmond, Calif. 

Wilcox, Walter M. (J’46) (CJO), Keeney Mfg. 
Co., Newington, Conn. 

Wilcox, Ward William (J’42) (ACM), 6291 
Dawning Dr., Cleveland 9, Ohio. 

Wilcoxon, Erving M. (J’41) (AJM), Office of 
Chief of Ord., Washington, D.C. 

Wilcoxson, Leslie Swales (26; ’36) (FKSRJL), 
V.P., Research & Devel., Babcock & Wilcox Co., 
85 Liberty St., New York 6, N.Y. 

Wild, Albert Franklin (J’37) (AZO), Mech. & 
Elec. Engr., Gen. Elec. Co., Schenectady; for 
mail, 33 E. North St., Ballston Spa, NEY: 

Wilde, Frederick George (J’39) (BN), Design 
Engr., Paragon-Revolute Corp., 77 South Ave., 
Rochester 4; for mail, 1075 Park Ave., Roches- 
ter 10, N.Y. 

Wilde, Ray S. M., Jr. (J’44) (AES), Lt., Army 
Air Forces, Hdq., Air Tech. Serv. Comd., Box 
1721, Area “A”, Wright Field, Dayton, Ohio. 

Wilde, Thomas B. (J’32) (HJCML), Owner, 
Prod. Mold & Mch. Oo., 8507 Park Lane, Los 
Angeles 1, Calif. 

Wilder, Cecil Lyman (’33;’42) (ZML), Devel. 
Engr., Taylor Instrument Cos., 95 Ames St., 
Rochester ; jor mail, 177 East Pkwy., Rochester 


> ONS Wa 

Wilder, Forrest Gay (’44) (BDFJNO), Mar. 
Surveyor, Appraiser & Cons. Engr., 181 State 
Si Boston; for mail, 38 Circuit Rd., Winthrop, 
Mass. 

Wilder, Henry ©. (J’37) (CLM), Methods Engr., 
West Lynn Works, Gen. Elec. Co., 40 Federal St., 
West Lynn; for mail, 304 Lowell St., Lawrence, 
Mass. 

Wilder, Herbert Pearce (’42) (SK), Ist Asst. 
Engr. Officer, U.S. Maritime Serv., 37 Broadway, 
New York; for mail, 27 Central Ave., Harts- 
dale, N.Y. 

Wildhaber, Ernest (’23;’85) (MBJA), Mech. 
Engr., Gleason Works, Rochester 3; for mail, 
124 Summit Dr., Rochester 10, N.Y. 

Wilds, Horace William (’39) (OMS), Bldg. Mer., 
N.Y. Life Ins. Co. Bldg., 51 Madison Ave., New 
York 10, N.Y. 

Wilenzick, Bernie (J’37) (EFP), Ch. Clerk, 
Measurement Dept., Interstate Natural Gas Oo., 
Inc., P.O. Box 1482, Monroe, La. 

Wiley, Fred Edwin (J’40) (YBCNZM), Ch. 
Engr., Great Am. Plastics Co., 55 North St., 
Fitchburg ; for mail, 465 Merriam Ave., Leomins- 
ter, Mass. 

Wiley, Joseph Norris (J’41) (MNBZH), Asst. 
Product Engr., Sperry Gyroscope Oo., Inc.; for 
mail, 151 Schenck Ave., Great Neck, L.I., N.Y. 

Wiley, Paul Rogers (J’44), W.Va. Pulp & Paper 
Co., Charleston, S.C. 

Wiley, Russell ©. (J’87) (CLS), Mech. Engr., 
Jenks & Ballou, 2600 Indus. Trust Bldg., Provi- 
dence, R.I. 

Wiley, Wm, 0, (A’25), Chmn., of Bd., John Wiley 
& Sons, Inc., 440—4th Ave., New York, N.Y. 

Wilferth, Lawrence Edwin, Jr. (J’46) (CEM), 
U.S. Navy, 2804 W. Alhambra Rd., Alhambra, 
Calif. 

Wilhelm, Dean Morlan (740) (CLMN), Works 
Mer., Patterson Fdy. & Mch. Co., 1250 St. 
George; for mail, R.D. 2, East Liverpool, Ohio. 

Wilhelm, Jack Elmore (’41) (SFZALC), Mech. 
Engr., Bailey Meter Co., 1050 Ivanhoe Rd., 
Cleveland, Ohio; for mail, White Oak & Syca- 
more Drs., White Oak Heights, Pittsburgh 9, Pa. 

Wilhelm, Wilbur Forrest, Jr. (J’43) (ABHKN), 
Design Engr., Aviation Gas Turbine Div., West- 
jnghouse Elec. Corp., Lester Branch P.O., Phila- 
delphia; for mail, 411 Nassau Blvd., Prospect 
Park, Pa. 

Wilhoit, Lowell Maynard (’36; 45) (MJFBCP), 
Ch. Engr., Otis Engrg. Corp. & Otis Pressure 
Controls, Inc., Box 7206, 6612 Denton Dr., 
Dallas 9, Tex. 

Wilke, Carl William (740) (DOF), Asst. Supvr. 
of Works, Stand. Tool Co., 6918 Central Ave., 
Cleveland 4, Ohio. 

Wilke, William Peter (J’34) (JCO), Mech, 
Engr., Hammond Lead Products Inc., 1st Trust 
Bldg.; for mail, 21 Glendale Pk., Hammond, 


Ind. 

Wilkenfeldt, John William (’29;’42) (LBDK), 
Designing Engr., Hoffman-La Roche, Inc., Roche 
ate Rue for mail, 11 Aldon Terrace, Bloom- 
field, N.J. 
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WILLIAMS 


Wilkens, John A. (A’33) (GCATY), V.P., Treas., 
Sweeney Lithograph Co., 69 Academy St., Belle- 
Se N.J.; for mail, 358 Crown St., Brooklyn, 


N.Y. 

Wilkerson, Edgar Howard (J’40) (KESH), As- 
soc. Engr., U.S. Engrg. Dept., 7515 Figueroa St. ; 
for mail, 727 W. 78th St., Los Angeles 44, Calif. 

Wilkins, Charles Norman (’46) (CO), Bldg. 
Serv. Engr., Day & Zimmermann, Inc., Packard 
Bldg., Philadelphia 2; for mail, 426 Roberts 
Ave., Glenside, Pa. 

Wilkins, Roger Felch (J’41) (ES), Fire Protec- 
tion Inspr., Factory Ins. Assn., 555 Asylum St., 
Hartford, Conn.; for mail, 10. Forrest Pl., North 
Attleboro, Mass. 

Wilkins, Roy (’31), Retired; Hamburg, Calif. 

Wilkins, Vernon Bates (J’45), 1011 Walnut Ave., 
Syracuse 10, N.Y. 

Wilkins, William Burdette (44) (MNWY), 245 
BE. Ridgewood Ave., Ridgewood, N.J. 

Wilkinson, Archibald Stewart (J’33) (SBKH), 
Chargeman, Engrg. Design Sec., Fed. Shipbldg. 
& Dry Dock Co., Lincoln Highway, Kearny; for 
mail, 12 N. 21st St., East Orange, N.J. i 

Wilkinson, Ford Lee, Jr. (726; ’29) (KSF), Vice- 


President, ’43-45; Prof., Dean, Mech. Engrg., 
Speed Scien. Sch., Univ. of Louisville, Louis- 
ville 8, Ky. 


Wilkinson, George David, Jr. (733; 745) (CDM), 
Charles T. Main Award, 733; Capt., Admin. 
Mgmt. Sect., Control Div., Ord. Dept., The 
Pentagon, Washington 25, D.C.; for mail, 2626 
S. Lynn St., Arlington, Va. 

Wilkinson, Thomas Lee (’94; 705; F’36) (CEF 
HS), Vice-President, ’24-’26; 2506 Iowa St., 
Davenport, Iowa. 

Wilkinson, Thomas Morris (J’45), 147 W. Gleen, 
Auburn, Ala. 

Wilks, August Charles (’25;’35) (CMOJDL), 
A. O. Wilks Co., R.F.D. 2, Vail Rd., Bethel, 


Conn. 

Will, Donald S. (J’41) (ABH), 200 N.W. 21st St., 
Oklahoma City, Okla. y 
Willard, Arthur Cutts (’19) (KFS), Pres., Univ. 

of Ill., Urbana, Ill. 

Willard, Donald E, (’45), Pres., Allith-Prouty, 
Inc., Box 606; for mail, Danville, Il. 

Willard, John Artemas (’17; 21) (CEMOT), 
Partner, Bigelow, Kent, Willard & Co., 500—Sth 
Ave., New York 18, N.Y. 

Willard, Leigh (’07;’10) (FYE), Pres., Inter- 
lake Iron Corp., 1900 Union Commerce Bldg., 
Cleveland 14, Ohio. 

Willard, Warren Howard (J’44) (CMSZLO), 
Time Study Engr., Oamera Works, Eastman 
Kodak Co., 333 State St., Rochester 4; for mail, 
83 Ave. OC, Point Pleasant, N.Y. 

Willcox, Frederick Preston (744; 744) (GOZ), 
Cons. Engr., Ansco Div., Gen. Aniline & Film 
Corp., Binghamton; for mail, 216 Vestal Rd., 
Vestal, N.Y. 

Willcox, George Bingham (’95; 708) (LMDOZY), 
Pat. Atty., 900 S. Warren Ave., Saginaw, Mich. 
Willcox, John Frederic (’44) (CDKSML), Asst. 
Mgr., Eatmore Ice Cream Div., Beatrice Creamery 
Co., Los Gatos; for mail, 701 Menlo Oaks Dr., 

Menlo Park, Calif. 

Willemin, Robert B. (J’41) (CMJDYH), Matls. 
Engr., Naval Shipyard, Philadelphia; for mail, 
1500 Devereaux Ave., Philadelphia 24, Pa. 

Willerton, Gustav E, (’27; 235) (ABDMN), Mch. 
Designer, Internat]. Business Mechs. Corp., 310— 
5th Ave., New York 1; for mail, 300 W. 12th 
St., New York 14, N.Y. 

Willett, Francis Merrill (716 ; 722; 735) (SFOK), 
Sr. Engr., Picatinny Arsenal, Dover; for mat, 
253 S. Main St., Wharton, N.J. 

Willey, Calvin McAuley (3°45) (FKS), Mech. 
Engrg. Instr., Carnegie Inst. of Tech., Pittsburgh 
18, Pa. f 

Willey, Frank William (719) (©), Owner, Willey: 


Wray Elec. Co., 1523-7 Central Pkwy., Cincin- 
nati 14, Ohio. 
Willhelm, Oscar F. (731; 733) (MAJ), V.P., 


Durham-Enders Razor Corp., Mystic ; for mail, 
629 Ocean Ave., Bingham Park, New London, 


Conn. 

Willi, Albert Bond (36) (ACEM), Exec. V.P., 
Continental Aviation & Engrg. Corp., Muskegon : 
for mail, 441 McKinley Rd., Grosse Pointe 30, 
Mich. 

Albert Bond, Jr. (J’40) (EAFBJN), De- 

Arye Engr., Fed.-Mogul Corp., 11031 Shoemaker 
St., Detroit 13; for mail, 15797 Deerfield Ave., 
East Detroit, Mich. 

Williamowsky, David Joseph (J’43) (CHST), 
Tech. Editor, Ord. Publications, Naval Gun Fac- 
tory, Washington; for mail, 1425 G@ St., N.E., 


Washington 2, D.C. 
Williams, Allan James, Jr. (3744) (ACMWY), 
& Chemicals OCo., 


Asst. Engr., Dorez Plastics l 
Walck Ra., North Tonawanda; for mail, 107 
Minerva St., Tonawanda, N.Y. 

Williams, Alpheus Fuller (A’00) (MJORTD), 
Chmn., Alpheus Williams & E. G. Dowse, Ltd., 
Box 399, Germiston, Transvaal, S. Africa. 

Williams, Arthur (36) (RSKFBE), Ch. Engr., 
Superheater Co., East Chicago, Ind. 

Williams, Charles Ellsworth (J’48) (HSKBDG), 
8rd Engr., Merchant Marine ; for mail, 6 Liberty 
Court, Hempstead, N.Y. 

Williams, Charles W. (J’38) (EMBAC), Engr., 
Liaison between Mfg. & Cent. Engrg., Dept. 428, 
Highland Park Plant, Chrysler Corp., Box 1919, 
Detroit 81, Mich. 


WILLIAMS 


Chester Erthur (7's2) (CM), ts 

Factory Snyvr.,. Radio Tahe Div, Tone Sol Le Lamp 
Worts, 270 Orange St... Newark, WJ. 

Wiltaaa, E (st), VE... Treas. Gen, 
Mor. Iohinsom & Bassett, Ine. 114 Foster .5 
for mail, £0 Laconia Red, Worcester, Mase 

Wiliems, Chester Monrse (45) (OD), De- 
sige Engr... Stand. Stesi Corp. 5001 FS. Boyle 
Ave. Loe Angeles D1; for mail, 1049 NM. Hay- 
worth Ave. Low Angsles $4, Calif 


Wiliams Clayton E. (£36) (EMW), Bell Tel 
Labe.,. inc, Whippany Radio Lab. Whippany ; 
tar mak, 76 Belmont toe. Dover. SJ. 

Wittame. Ciyde E. (45) (€ JLARY), Dir... Bat- 


le Memorigl Inat.,. 566 Kine toe, Columbue 1, 


Wilienra, David Gordaim (12-24) (NKDCMS), 
Cn Ener, Trojan Powder Cs, IT S. THe S.; 
for mail, TID $ 16th St. Allentawn, Pa- 

Uieme, David EB. (ist) (BCS), Capt... 566 
Gosen St... Barre de Grace, Md. 

Wiliams. David T. (20) (ERC), Aast. to VP, 
Aor Loon On, 30 Chur St... New York & WY. 

Wiliams, Douglas Ward (ST) (SFE), Sales 
Mer. Eahenck & Wilenx Co., 1515 Guardian 
Bide. Cleveland 14. Ohio. 

Wiltame. Edward Engene (24) (SFCK), Wan- 
ager, "S3> Vice-President, "45746; Gen. Gerot., 
Stam Plants. Duke Power Co., Charlotte t, WE. 

Wittiams, Edward Everett (3°42) (BR). Capt., 
Teed Ry. Shep Ba, Camp Millard, Bucyrus, 
his 

Willtemse,. Ernest J. (7°40), 155 & 
Richmond. Va 
items, Ervin ee (PBB) 

Sch i, Ettore & 


Colonial Ave., 


CFRS), Ch. 
& Powns, Inc., 


C4) (ICM), 
61 WN. Main S., 


Ener. 

Reswere Nek. Wark, Alfred, 

Wititame.. Frank S. 6. (34-735) (BRIP). 
Hast. Sales, Veyior Forge & Pige Works, 50 
Church St... Mew York, M-Y-> for mail, 540 

Eien St. Weaatticld, © F 

Williiamea, Georgs David (F445) (LSPRK), 
Dratteman, Procsas Piping Div. B B. Badger & 
Sane Co, TH Pitta St. Bcaton, "Wase. 

Wilitams, George Leslie (42) (DELSEYC), Gen. 
E Asmomr & Co, Union Stock Yards, Chi- 

2D; for matt, G21 Bell Ave. La Grange, I. 

ms, George M (21; 35) (ACD), Pres. 

wetell Mie. Co. Middletown, Conn. 
Witems, Gordam Grencer (3°44) (COMSRLY 
tales Mor. Aen Billnerre Co. 431 Wayette Ave. 
Mamarcnack - for mail, Paice Place Apte., Larch- 
rant, BT. 

Willems. Gry Franklin ("s4) (SKLCEYY, Devel. 
Ener. Dowell Ine.. Kennedy Bide. Tales 2: for 
mal, 190% FE. sith S.. Teles, Ola. 

Williemes, Barry DB DB, (7°46) (ACM), Lt., U.S R.. 

Dir. Assembly & Repair Dept.. Naval 


. Mantalk 1. Wz. 
Wililems. Herman 2B. (32) (CMMOHGY, Re- 
Jones & Larnison 


. Deve. & Design Bner., 
Mick. Ca.< for mal, % Batertew. Soringheld. We. 
04) (BR) 


Wilttems, Howard Edward ('95- 
Ch Mech, Dyrstraman. Calumet & Hecls Conslta, 
eg Co. for mall, Tiss Calumet Ave. Calu- 
ich, 
Wilttams, Howard ©. ('30-°93) (OM). Gen. 
Wer. KR. BE. Howell Co. Minneanatie 14. Minn. 
Wilitama. 3. Howard (4) (DIMMS), Mech 
Engr Grinnell Corp, 260 W. Exchange St., 
Providence T. & t 
Williams, Jack Harry (44) (SFKOZE), Cone, 
Engr. Gilbert Lassciates, 412 Washington SE. < 
for mail, Box 7B, Reading. Pa. 


ine, 


Mar... 


Willtems, James Lawrence (JSS) Apprentics 
Seaman, Vit, UAMR; 115 Dollner St., 
Viawita, Caltt. 

Wititems, Jarvis, Fr. (45) (CMOALEG). Cora 


indus. Brom. 6 B. s5th St. Mew York 17. WY. 
Wilitsme, John Davis (P32) (VER). Plant Engr., 
Kendall Cn, Walsole: for mail, Medfield, Maas. 
Wilkama, Toten Hamphreys CBG 35) (OMT), 
War hesote Adenia. < for mail, $211 Newark St. 
WW... Washington, DC 
Willems, John Eohert (27) (ROABM), Spec. 
Machinist, M1. Cent. RE. Vicksburg; for mail, 
Bin St. NM. Colenboe, Mas. 
Wilitems, Leonard Kari (F°43) (AMS), 
tnd St. Minereville, Schavikill Co. Pa. 
Wiltiama, Liewellym (67), VP. Charze of 
Brome. og Miz, York Corp., Roosevelt Ave, 


Tarik 
Willems. "Louie Wilitem (12:85) (JCMNOD), 
Cone. Eogr.. 149 Broadway, New York: for mail, 
219 Cliiatan Ave, Bronkion 5. SY. 
Witttems, Morris Frankifn (1°29) 
Supt. Maint. & Constr, 
Cs... Baidcors Te ¢ 
Pittshoereh 27, Pe. 


362 WN. 


(REDIMO). 
Universal Oyelope Steel 
for mail, 442 Bairway Dr., 


Wititams, Pani (°17- 85) (C LEMO). Works Mer, 
Soe Heel Corp, 12 | Camden ye., €.W.. Can- 
ton 6. Oia 

Wilitems, B. Arthur (45) (KR). VE, Am. Car 


& Wig. Ca. 80 Charch SH. 

Wilitarss. Raipe L. (94 -°7) (EFKSZ). Owner, 
Firma of Ralph f. Williams, Engrg. & Sales, 49 
Federal &.. Boston 19, Maas. 

Witltems. Ray Shields (3°45) (HIMNGZ). Prod. 
Ener. Plant 1. Hagan Corp.. Orrville. Ofio. 
bs a Richard Elbert (J'42) (CSPDML), 

RR. 2 Hepworth, tt. 
Williams, EBichard Frankia (P4E) (CK). 
OSM B.. Engr. Oficer. T 
FPO. New York, eae 


New York. SY. 


EE. 
EE, ttemaker, DD-862. 


Williams, Robert Eubank, Jr. (J'42) (SKCY 
AO), Application Ener., Westinghouse Elec. 
Corp., 1407 Comer Bide, a ae 3; for 
mail, 6 Norman Dr., Birmingham 9, Ala. 

Williams, Robert K. (S'39y (om). 514 Pickwick 
Bidg., 903 McGee St., Kansas City, Mo. 

Williams, Robert Lawrence (J’42), Timken 
Roller Bearing Co., 1832 Union Coramerce Bldg., 
Cleveland. Otic. 

Williams, Robert Maxwell (745) (ACEKNTJ). Ch. 
Design Engr.. Aircraft Eng. Div., Packard Motor 
Car Co... 1330 Laskey Rd, Toledo 12; for mail, 
1261 Wildwood Rd., Toledo 9, Ohio. 

Williams, Samuel Crane (17;’26) (AY), Dir. 
ot Research, Sendder, Stevens & Clark, 1 Wall 
St... New York 5, N.Y 

Williams, Samuel Longfellow (J’24) (RCBZIY), 
East. Mgr., Westinghouse Air Brake Co., 3400 
Empire State Bide. New York 1. NUY. 

Williams, Samuel s. C42) (SF DOH), Cormbus- 
tion & Power Engr., #216 Martin Bldg., Birming- 
ham 3, Ala. 

Williams, Sayre Stuart (J’43) (ACE), Lt. (j.<-), 
bt iy 8727 Pershing Ave., San Diego 4, 
Sarit. : 

Williams, Theodore Cortlandt (39) (CSL), 
Constr. Mer... Stone & Webster Engrg. Corp., 
90 Broad St.. New York 4, NUY.; for mail, 6 
Columbia Ave., Vineland, NJ 

Williams, Thomas Stanley t P42) (CGNLKD), 
Pres., “Smperior Decals, Inc., 2803 Ft. Worth 
Ave., Dallas 11, Tex. 

Williams, William Albert (3’'39) (BCDL), Ch. 
Ener, Am. Pulley Co., 4200 Wissahickon Ave., 
Philadelphia 29, Pa. 

Williams, William Francis (740) (CAML), En- 
sign, USNR. Engr. Power Plants Design, 
Bur. of Aers., Navy Dept... Washington 25, D.C. ; 
for mail, 9401 Flower Ave.. Silver Spring. Md. 

Williamson, Charles W. ('20;°35) (NMDBAJ), 
Designer & Checker, Morgan Constr. Co., 15 Bel- 
mont St., Worcester; for mail, Box 341, 228 
Worcester St.. North Grafton, Mass. 

Williamson, Frank A. ('37) (BEP), Engr.. De- 
signer, So. Counties Gas Co., Rm. 716, 810 S- 
Flower St.. Los Angeles; for mail, 426 Pioneer 
Dr... Glendale, Calif. 

Williamson, Gerald V. (26; °37) (SFKICE), Sys- 
tem Engr. & Stearm Power Oper., Union Elec. Co. 
of Mo., 315 M. 12th Blvd, St. Louis 1, Mo. 

Williamson, Harry Walter (’27). Supvg. Engr., 
Gen. Elec, Co., 106 W. 14th St., Kansas City 6, 
ad for mail, 4134 Eaton St., Kansas City 3, 

ani 

Williamson, John Louis (3°42), 68-20 Burne St., 
Forest Hille, NY. 

Williamson, Robert Charles (J’41) (JBMK), 


Engrg. Rep., Gen. Elec. Co., Ft. Edward Plant, 
Ft. Leaps for mail, 125 Elmer Ave., Sche- 
nectady #, 

Williamson, William BR. (21; 726), Cons. Engr., 


20% S$. La Salle St.. Chicago, Tl. 

Williamson, William Rodger (J’42) (KEBSHR). 
Devel. Engr., Maxim Silencer Co., 85 Homestead 
Ave., Hartford; for mail, 27 Hughes St., Hart- 
ford 6, Conn- 

Williford, David A (J’41) (ABG), 1510 S. 91st 
St. Seattle &. Wasi 

Willizes, John “antheuy (342) (ONDILSHY), 
Engr, Harnilton & Williges, 713 Bank of Com- 
merce Pldz., Oakland ‘We wg mail, 15 Crescent 
Ave., Gan Francisco 16, 

Willis, Alvin H. ea *(BHIK), 
2628 Hilmar Rd.. Baltimore 7, Md. 

Willis, Burton Clifford, Jr. (3'40) (ACOFBJ), 
Mech. Ener., Pa. Flexible Metallie Tubing Co., 
Tind & Powers Lane, Philadelphia 42; for mail, 
Creck Rd, Westtown, Pa. 

Willis, Cecil Custer (42) (EFS), Sant. of Gen- 
eration, Okla. Gas & Elec. Co., 3rd & Harvey Sts., 
Oklahoma City 2. Okla. 

Wills, Charles C. (’20) (CGM), Megr., Field 
Engrg. Shop, Spool Cotton Co.. 745—5th Ave., 
New York 22. N.Y.; for mail, Cedar Crest, 
Bound Brook, NJ. 

Willis, Cullle Bosacki, Jr. (3’'43) (SEFL), 606 
St. Charles Ave., Montgomery, Ala. 

Willis, David Ellery (3'43), Box 1950, Route 4, 
Tampa. Fla, 

Willis, John Brewster (J'10) (EHY), Sr. Part- 
fier, Ch. Engr., Willis Energ. Co., Burton. Ohio. 

Willis, Ozden Edwards (J'29), (AELSY), Jr. 
Mech. Engr., E. J. du Pont de Nemours & Co., 
Belle; for mail. Coalburg, W.Va. 

Willis, Peyton Tyler (45) (BEFHKS), FEner., 
Leland $. Rosener, 222 Sansome St., San Fran- 
cisco 4< for mail, 2110—26th Ave., San Fran- 
cisco 16, Calif. 

Willis, Philip Anton (729; °25) (SENKMA), Asst. 
Exarniner-in-Charge, Engrg. Unit, Examining 
Div.. Civ. Serv. Comm., th & F Sts. N.W., 
Washington 25; for mail, 2912 Ft. Baker Dr., 
$E., Washington 20, D.C. 

Willis, Richard Lewis (°32;7'44) (FCS), Supt. 
of Combustion, Bethlehern Steel Co., BE. 3rd St.; 
for mail, 624—8th Ave., Bethlehem, Pa. 

Williston, Arthur L. ('96:°99) (OMS), Retired; 
946 High St., Dedharn, Mass. 

Willits, Charles William (’26) (CYWM), Asst. 
Gen. Mar., Mitts & Merrill, 1009 S$. Water St.; 
for mail, 251 Lockwood St., Saginaw, Mich. 

Willits, Victor W. (J'26) (CHLZ), M.M., Proc- 
ter & Gamble Mtg. Co., 1226 Loomis St., Dallas 
2: for mail, 24220 Hedge Row, Dallas 9, Tex. 

Willoughby, Victor Roy (’Z1) (R), Retired; 
K.F_D. 1, Concord, NH. 
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ASME, MEMBERS—ALPHABETICAL LIST 7m 


Wills, Christian A, oy V.P., Gen. Mgr., Wm. 
B. Pollock Co. ; for mail. . Princeton Ave., 
Youngstown, Ohio. 

Wills, ard Andrew (423) (BEFJEKN), Field 


Rep., Gibbs & Cox Inc., 21 West St., New York 
6, N.Y.; for mail, Box 696, Tacoma 1, Wash. 
Wills, Jo Adrian (348) (BLWY). Pres., Wills 
& Roberts Plastics Mfg. Corp., 33 S. Lake Ave., 


Pasadena 1, Calif. 
745) (CJMBDL), 


“Wills, John Gordon, Jr. (’24; 
Box 1198, Pittsburgh; — 


Engr., Blaw-Knox Co., 


4 


for mail, a Delaware Ave., Oakmont, Alle-— % 


vy Co., 

wills. youn Robert (3’43) (ACNMSO). Asst, 
Lab. Equip. Engr., Boeing Aircraft Co., 7755 E. 
Marginal yb for mail, 4018—12th Ave., = 
Seattle 5, Wash 

Wills, Saul D, (J’33) (EHM), 542 E. 50th St., 
Savannah, Ga. 

Willsea, Jasper (743) (CNG), Pres., Gen. ueesl 
Willsea Works, 371 St. Paul St., Rochester 5, 


N.Y. 
Willsey, John Crampton (J’41) (AMCK), Des i 


sign Engr., Gen. Elec. Co., 1635 Broadway, Ft. 
Wayne 2; for mail, R.R. 1, Ashley, Ind. 

Willson, David 8, (36) GMN), Research Engr. 
John Wood Mfg. Co., Inc., Muskegon; for mail, 
921 Maffett, Muskegon Heights, Mich. 

Willson, Edwin Laurence (’41) (FS), Mer., 
Indus. Sales, Lehigh Navigation Coal Co., Inc., 
123 $. Broad M., Philadelphia 9; for mail, 4537 
Spruce Pn Philadelphia 39, Pa. 


Willson, T . Edgar (40) (CMDWKS), Ch. Engr., 
Gen Mar., Mundet Cork Corp., 501 Bloy St., 
Hilldide 5 for mail, Box 7, 


rest, N.J. 
Wilmer, Sonn Whittingham (’39;'46) (ACEH | 


RS), Employment Rep., Consltd. Gas, Elec. 
Light & Power Co. of Baltimore, pa for 
mail, Club & Ruxton Rds., Ruxton 

Wilmot, Russell Cartwright CIT: oeaaK OD)s 
Gen. Elec. Co., Bridgeport 2; for mail, 55 Dora 
Circle, Bridgeport 4, Conn. 

Wilms, Hermann Cl4; 721;’35), Mech. aren) 
Midwest Piping & Supply Co.’3 for mail. 

Clara Ave., St. Low 

Wilson, hiexandor, Sa (21) (FHS), Mer 
Transmission & Di ion, Dept., Philadelphia 
Elec. Co., 1000 Chestnut St., Philadelphia 5, Pa. 

Wilson, Alexander Hardie (’18; 35) (BCD), 
Ch. Engr., Thomas Hoist Co., 20 S. Hovne Ave., 
ie eg for mail, 1118 S$. Home Ave., Oak 

ark, Il. 

Wilson, Benjamin J. (’21;’25;’29) (ZBEFHS), 
Ch ech. Engrg. Div., Research Dept., Leeds & 
Northrup Co., 4901 Stenton Ave., Philadelphia 
44; for mail, 224 Lafayette Ave., Oreland, Pa. 

Wilson, Charles D, (’29;’41) (SNBKMJ), Engr., 
Allis-Chalmers Mfe. Co., Milwaukee 1; for mail, 
1509 3. 73rd St., West ‘Allis 14, Wis. 

Bde Chas. E, (’40), 7 Hampton Rd., Scars- 


dale, N.Y. 
Wiison, — 2. R. (332), 51 Mentelle Pk., Lex- 


ington, 

Wilson, Chester W. (18) (SEHO), Mech. Engr., 
Am. Smelting & Refining Co., 120 Broadway, 
New York 5, N.Y. 

Wilson, Christian, Jr. (19; 28) (CKLMS), Dist. 
Mer., Yarnall-Waring Co. 506 Wabash Bldg., 
Pitteburgh 22 22; for mail, 513 Willow Dr., Pitts- 
urgh 1 

Wilson, clifford Marcell Eo (BCOJSM), Dist. 
Supvr., Otis Elev. Co., 220 st St., St. Louis 
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GentralyAmmericas se eee 


Curacao. te: wae ee ee 
Delawarecis. ,cnmenieen ene 


Bouadort ey 2 ae eee 
Kay ptteernc ca tee ee eEa 


Ruropegs och ence ee eee 
Rionidat ecu ashe ee ree 
Brance ast tan ieee ie ere 
Georgia oat tee erences 
Germany.a7 sce pone ee 
Great Britain. 

See England, Scotland. 


ELai tice ercuteer terion Geren MEE 
Hawaii, Territory of.......... 196 
Holland. 
See (The) Netherlands. 

Iceland 2 eee ene te oon 234 
Tdaho cthios soe serie mcr 196 
ThinGis!:tva5 dst aoe 196 
ndyant-e ype ani ene een 255 
Indianay.2.: nace cor eee 199 
Towa titanse conto oii ee eee 200 
Tran so oe eee 233 
Ttalyine oshctects isto aha 234 
Japan gies e cae 233 
JaVvale 2 oe tee on eee 234 
Kiansasttc: ic onc cnr 200 
Kentuckyo.. 2: ae... eee 200 
Touisianaar ee oe eee 201 
Maime......:-. sich adh ata ee 201 
Manitoba saeaneie ooo eee 25) 
Maryland 343a-002 eee 201 
Massachusetts: aemnaeieeene 202 
Mexicoa.dietsh ness aero 232 
Michigan’: 25 {isin octane 205 
Muinnesotamench) concen 206 
Mississippiicag po eee eee 206 
Missourtaad dono cae near 206 
Montana pees suse eee 207 
Nebraska sie eee ere 207 - 
(The) Netherlands: .2.2..4.-. 234 
INGVada st cen ec eee See 207 
INewabrunswickcee enn 231 
INewiound | ancdener iene DED 
INewiilampshirear seinen: 207 
Newalyerséy #:. 0 icakaseeiee 208 
News Wlexiconm rnin einen: AAI 
News York3.0 30 eee 211 
NewsZealande saree eee 234 
INorthi@arolinani oe neers 218 
Northy Dakota eee 219 
Norway sage ence eres Gor 234 
INovatScotian ann ance eee PEM 
Oceania s4a4.5 ooo ee 234 
Ohiod7 ee eee 219 
Address Unknown............ 234 
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Panama, Republic of......... 
Pennsylvania #2. ...5 sp nae 


PersianiGult4-e eee eee 


Philippine Islands: s3..4.- sae 


Puerto Ricop eee eee 


Russia. See Union of Soviet 
Socialist Republics. 


Saskatchewan aire 
Scotlandia.: hi oeeebhe eee ane 
Siain. osc. a cee Gee 
South) Aimericalsncee ner ee 
South Carolmaaeer eer 
South Dakotas eres 
Sweden! sscadcade sibie eee 
Switzerland) ara eee 
"Tennésse€e. Hinesoiec ceo ae 
"PExaS 3 Gi eh chee Pee eee oes 
Thailand. See Siam. 
Trnidada.: 7c hoec Cee 233 
Turkey. 72.20 5 seen eee 234 
Union of Soviet Socialist 
Republicss9).c/j.a2006 pees 234 
Union of South Africa........ 233 
United States of America..... 189 
Uruguay os on: 5s eee 233 
Utah). ue ae oc ae 
Venezuela. i noone 233 
Vermont: .:s sce ee 228 
Virginian, 2. ere ee oe eee 228 
WVirginlslands.- sere eee 229 
Washington ee eee eee 229 
WestiIndies ose eee 233 
West Virginiasaerseeee 230 
Wisconsin«. sce eee 230 
Wyoming. 5. Sascane eo eer 25m 


GEOGRAPHICAL LIST OF MEMBERS 


UNITED STATES OF AMERICA 
Including Territories and Dependencies 


ALABAMA 


ALABAMA CITY 
Birmingham Section 
Harrison, T. J. 
ANNISTON 
Birmingham Section 


Blomquist, C. A. G., Jr. 
rr 


Moorman, W. 
Reynolds, H. W. 


AUBURN 
Birmingham Section 


Hannum, J. E. 
Hixon, C. R. 
Wilkinson, T. M. 


BESSEMER 
Birmingham Section 
Cole, H 


BIRMINGHAM 
Birmingham Section 


Abel, S. T. 
Barr, C. D. 
Barry, J. M. 


- Baum, E. P. 


Bell, J. B. 
Bentley, G. L. 
Blair, A. H. 
Bodden, T. R. 
Boisclair, H. ©. 
Bruce, O. D. 
Caine, W. P. 
Ellis, O. M. 
Elly, R. D. 
Emory, J. B. 
Eshelman, J. W. 
Fox, J. G. 
Francis, T. M. 


_ Freeman, H. L. 


Gaston, E. O. 
Getzen, J. E. 
Gilbert, K. 0. 
Greagan, J. J. 
Guldberg, D. H. 
Hamilton, W. B. 


Ingalls, R. L, Jr. 


~ Jacka, P. 


= 


McEdwards, J. ‘A. 
McLennan, ARN 
Middlemiss, G. H. 
Moore, J. W. 
Moore, W. D. 
Moore, W. J. 
Moses, W. G. 
Mouat, H. G. 
Moxley, S. D. 
Myers, G. S., Jr. 
O’Callaghan, J. 
O'Neil, R. D. 
Ozley, G. R. 
Parker, C. C. 
Pollard, E. E. 
Pollard, H. B., Jr. 


Richard, Las. A. 
Ruiter, R. N. 

Rust, G. M. 

Ryding, H. C. 
Shannon, L. N. 
Shine, R. H. 
Stopinski, F. W., Jr. 
Taurman, A. 
Thutlow, 0. G. 


, Trawick, J. G. 


Vann, F. E. 
Varagona, J. J. 


Von Herrmann, 

OLE. or: 
Ward, J. W., Jr. 
Williams, R. E., Jr. 
Williams, S. 8S. 
Wingate, F. B. 
Woody, L 
Wright, P. 

CAMP SIBERT 


Maull, W. R. 


CHICKASAW 
Dumont, A., Jr. 


DECATUR 
Knight, L. P. 


DOTHAN 
Grubb, W. O. 


ENSLEY 
Birmingham Section 
Brengelman, G. D. 
Dearing, E. R. 
EVERGREEN 
Standley, B. H. 


FT. McCLELLAN 
Birmingham Section 
Fowler, K. W. 
Pearlstein, J. 
GADSDEN 
Birmingham Section 
Brakeman, R. E. 


HOLT 
Birmingham Section 
Pearson, M. W. 


HOMEWOOD 
Gaines, W. P. 


HUNTSVILLE 


Baites, J. R. 
Haber, H. E., Jr. 


MAXWELL FIELD 


Budny, W. V. 
Greenstreet, M. E. 
MeMillan, J. E. 


MOBILE 
Birmingham Section 


Barron, H. J. 

Coker, L. T. 

Dean, B. W. 

Foster, S. L., Jr. 
Oppenheimer, A. C., II 
Riis, E. 

Sanders, J. ©. 

Smith, T. A. 


Weidner, ©. B. 


MONTGOMERY 


Agrell, O. F. 
Drum, L. J., Jr. 
Gallalee, J. M. 
Hesslein, R. J. 
Schwartz, P. L. 
Willis, OC. B., Jr. 


SHEFFIELD 
MacDonnell, V. E. 


SYLACAUGA 
Birmingham Section 


Lettice, R. S. 
Selkirk, R. H. 


TARRANT 
Birmingham Section 
Steele, A. E. 
TROY 

Hamil, J. C. 

TUSCALOOSA 
Birmingham Section 
Fritsche, 0. B. 

UNIVERSITY 
Birmingham Section 
Shenk, D. H. 

WILSON DAM 
Birmingham Section 
Dana, B, P. 


ALASKA 


COLLEGE 
Kleinschmidt, A. O. 


ARIZONA 


AVONDALE 
Harris, J. T. 
BISBEE 
MacDougall, E. A. 
CASA GRANDE 
Rust, M. D. 
COOLIDGE 
Dunaway, R. J. 
FLAGSTAFF 
Lewellen, M. T. 
INSPIRATION 


Faust, P. A. 
Tizard, T. E. 


KINGMAN 
Welsch, A. H. 
LITCHFIELD 
Seargeant, W. A. 
LOWELL 
MacDougall, I. 
MORENCI 


Hoffman, R. N. 
Lanning, J. E. 
Reed, C. E 


NOGALES 
Kux, A. 
PATAGONIA 
Jeffcott, R. O. 


PEORIA 
Duncan, G. D. 


PHOENIX 


Breverman, H. 
Evans, R. T. 
Headman, S. 8S. 
Hiller, J. D. 
Jacobs, D. H. 
Nelson, R. L. 


SCOTTSDALE 
Lincoln, J. C. 


TUCSON 


Arnold, B. A. 
Bell, W. CO. 
Gross, C. M. 
Thornburg, M. L. 
Withers, OC. 


ARKANSAS 


CAMP ROBINSON 
Memphis Section 


Bendersky, D. 
Brown, W. B., Jr. 


EL DORADO 
Mid-Continent Section 


Pennebaker, R. H. 
Rogerson, J. B. 


FAYETTEVILLE 
Mid-Continent Section 
Paddock, R. G. 


FT, SMITH 
Mid-Continent Section 
Salzman, C. E. 


HOT SPRINGS 
Mid-Continent Section 
Teed, R. H. 


LITTLE ROCK 
Memphis Section 


Griffith, G. B. 
Moe, OC. M. 
Schneider, G. R. 
Tole, J. H, 
Wrape, W. R., II 


PARAGOULD 
Memphis Section 
Miller, D. E. 
PINE BLUFF 
Memphis Section 


Nunnally, M. P. 
Potter, C. G. 


ROGERS 
Mid-Continent Section 


Baer, R. 
Brown, J. O. 


CALIFORNIA 


ALAMEDA 
San Francisco Section 


Gutleben, C. 
Heddell, D. 

Hogan, C. L. 
Mowatt, W. T. 
Seyfried, W. R., Jr. 
Ward, N. F. 
Watson, R. F. 


ALBANY 
San Francisco Section 
Dows, S. R. 
Preusser, H. M. 
ALHAMBRA 


Southern California 
Section 


Addoms, J. F. 
Bergman, E. 0. 
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Brewster, J. I. 
Crooks, H. L. 
Eckart, W. R. 
Kay, L. D. 
Kochlacs, A. J. 
Low, J. J. 
McGrath, P. O. 
Paternoster, J. A. 
Sandland, 0. M. 
Smith, C. H, 
Spaulding, H. S. 
Suter, J. H. 
Whistler, A. McL. 
Wilferth, L. E., Jr. 
ALTADENA 


Southern California 
Section 


Austin, ©. T. 
Herbert, C. G. 
Kirby, W. K. 
Taylor, A. M. 


ANAHEIM 


Southern California 
Section 


Harvill, H. L. 


ANGEL ISLAND 
San Francisco Section 
Hanson, H. C. 


ARCADIA 


Southern California 
Section 


Burn, R. W. 

Ray, D. H. 

Silver, F., 5th 
ARLINGTON 


Southern California 
Section 


Belk, W. C. 


ARVIN 


Southern California 
Section 


Mahin, R. L. 


ASSOCIATED 
San Francisco Section 
Woods, P. H. 


AUBURN 
San Francisco Section 
Potts, W. K. 


AVENAL 


Southern California 
Section 


Cameron, W. CO. 
Masters, R. W. 
AZUSA 


Southern California 
Section 


Coplen, H. L., Jr. 
Gongwer, O, A. 
Sabersky, R. H. 
Walker, T. B. 


BAKERSFIELD 


Southern California 
Section 


Ely, R. E. 

Gates, L. G. 
Hopper, J. O. 
Raley, R. E., Jr. 
Scharpenberg, ©. OC. 


BELMONT 
San Francisco Section 
Thorpe, C. L. 


BENICIA 
San Francisco Section 
Metz, D. E. 


BERKELEY 
San Francisco Section 


Alexander, P. M. 
Bechaud, L. J 
Bond, R. 
Bonner, H. W. 
Brashear, W. M. 
Brobeck, W. M. 
Bromberg, R. 
Burleson, A. L. 


* Collins, F. W. 


Connolly, W. L. 
Couzins, N. W. 
De Garmo, E. P. 
Dishington, H. 
Drake, F. B. 
Dwyer, L. E. 
Eaton, W. F.. 
Folsom, R. G. 
Garden, N. B. 
Garland, C. F. 
Gessling, G. F. 
Glidewell, J. E 
Gordon, H. S. 
Grassi, R. ©. 
Hamaker, F. M. 
Hargis, J. R. 
Hoffman, A. A. 
Howe, E. D. 
Iversen, H. W. 
Jackson, T. W. 
James, W. J. 
Jelinek, J. J. 
Johnson, H. A. 
Kane, E. D. 
Kassebohm, W. H. 
Langille, H. B. 
Lawrence, E. 0. 


Leutwiler, R. W., Jr. 
Livingston, me 
Lloyd, Bh Ae 
Lockhart, R. W. 
Logan, 0. 

Lord, T. B. 
Martin, M. DeW. 
Martinelli, R. ©. 
McGraw, Ww. J. 
Meriam, J. L. 
Moore, W. G. 
Munroe, H. D. 
Nelson, P. C. 
Norris, A. G. 
O’Brien, M. P. 
Pamphilon, G. M. 
Possner, L. 
Purves-Smith, ©. D. 
Putnam, J. A 
Raber, B. F. 
Raitt, G. H. 
Reemelin, W. M. 
Rhoda, R. A. 
Romie, F. E. 
Saenger, D. M. 
Sanders, V. D. 
Schlitzkus, R. F. 
Seban, R. A. 
Sellers, G. S. 
Sibley, R. 
Siefert, R. J. 
Smith, J. U. 
Smith, R. W. 
Snyder, N. W. 
Summerfield, J. R. 
Tilley, M. M. 
Tow, B. K. 
Vance, D. A. 
Weibel, E. E. 
Wieland, ©. F. 
Woods, B. M. 
Wyman, L. W. 


BEVERLY HILLS 


Southern California 
Section 


Finkle, F. C. 
Pinkus, J. R. 
Volck, A. G. 


CALIFORNIA 


BIG BEARLAKE 


Southern California 
Section 


Huffman, C. W. 


BIG CREEK 
San Francisco Section 
Thompson, M. A. 


BISHOP 
San Francisco Section 
Clark, H. L. 


BURBANK 


Southern California 
Section 


Adler, F. R. 


Baldwin, E. P. 
Barickman, H. G. 
Bonza, L. F, 
Brammer, R. ©. 
Bridges, R. McS. 
Buchberg, H. 
Burris, W. D. 
Dauwalter, C. S. 
Dickinson, R. W. 
Dodd, S. T., Jr. 
Drake, D. W. 
Farmer, E, H. 
Fay, J. A. 
Glancy, W. P. 
Hall, S. R. 
Harvey, B. E. 
Hoblit, F. M. 
Housel, E. A. 
Inglish, H.C. 
Jelter, E. 
Johnson, J. B. 
Justice, R. W., Jr. 
Kambe, T. J 
Kazutoff, A. 
Kennon, L. 
Mankiewicz, V. J. 
Meyer, A. 
Middleton, R. E. 


Naylor, as ite Jr. 
Nelles, M. 
Raetz, G. S. 
piceerd R. G. 
Rollow, D. K. 
Roosman, R. Q. 
Sager, N. W. 
Sandorff, P. E. 
Schlage, E. L. 
Schroeder, W 
Sharpe, ©. E. 
Stevens, A. J. 
Stoessel, R. F. 
Swanson, R. H. 
Sweetland, E. J., Jr. 
Thompson, O. H. 
Thompson, Y. E. 
Thuering, G. L. 
Tierney, J. E. 
Wright, C. A. 
Wyle, F. S. 


CAMP COOKE 
Downs, F. T. 


CAMP HAAN 
Zorn, J. F., Jr. 


CAMP ROBERTS 
Stem, ©. R. 


CAMP SAN LUIS 
OBISPO 


Southern California 
Section 


Kemp, R. B. 


CARMEL 
San Francisco Section 
Weld, Miss L. G. 


CENTERVILLE 
San Francisco Section 
Whitfield, M. P. 


CLAREMONT 


Southern California 
Section 


Miller, M. S. 
Russell, K. F. 
CLEARWATER 


Southern California 
Section 


Selser, T. W. 


AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


COALINGA 
San Francisco Section 
Heeren, D. W. 


COLTON 


Southern California 
Section 


Salisbury, C. R. 


COMPTON 


Southern California 
Section 


Jones, D. R. A. 
Swan, W. B. 


CONCORD 
San Francisco Section 
McCready, J. T. 


CORNELL 


Southern California 
Section 


Treshow, M. 


CORONA 


Southern California 
Section 


Chawner, R. W. 
Currie, G. D. 


CORONADO 


Southern California 
Section 


Longstreth, C. 


CROCKETT 
San Francisco Section 
Ball, R. V. 
Dreyer, J. A. 
CULVER CITY 


Southern California 
Section 


Burns, H. 
Shelton, N. T. 


DALY CITY 
San Francisco Section 
Farbar, L. 


DAVIS 
San Francisco Section 


Brooks, F. A. 
Johnston, C. N. 
Perry, R. L. 

DEL MONTE 
San Francisco Section 
Bergh, P. S. 
Jeffries, W. R. 

DOWNEY 


Southern California 
Section 


Beskin, L. 
Lowy, M. J. 
Mitchell, W. M. 


EL CENTRO 


Southern California 
Section 


Hussander, G. C., Jr. 


EL CERRITO 
San Francisco Section 
Hamilton, E, D. 


EL MONTE 


Southern California 
Section 


Davis, G. E. 


EL SEGUNDO 


Southern California 
Section 


Barber, D. H. 
Cocagne, A. C. 
Connor, G. A. 
Cornwell, E. 8S. 
Garrett, O. 

Glennon, Miss N. 
Haesloop, F. L., Jr. 
Knight, J. J. 
Osgood, O. E. 


Patterson, C. R. 
Ross OL Crate 


EMERYVILLE 
San Francisco Section 


Bailey, O. H. 
Boyen, J. L. 
Cattaneo, A. G. 
Forsyth, S. L. 
Iglehart, R. L. 
Melezer, H. L. 
Pezzotti, C. P. 
Prud’homme, J. W. 
Ricker, R 
Talley, S. K. 
Ustin, P. K. 
Whitlock, S. J. 
Wist, E. B. 


ENCINITAS 


Southern California 
Section 


White, R. E. 


ENCINO 


Southern California 
Section 


Ambroff, M. 
Franklin, E. J. 


ESCONDIDO 


Southern California 
Section 


Bulen, W. H. 
Powers, R. D. 


EUREKA 
San Francisco Section 
Shawk, H. A. 


FAIRFIELD 
San Francisco Section 


Caldwell, H. W. 
Chapman, W. C. 


FONTANA 


Southern California 
Section 


Hawthorne, C. W., Jr. 
Lattin, J. 


FT, MacARTHUR 


Southern California 
Section 


Deuhs, G. B. 


FI. ORD 


Benedict, C. H., Jr. 
Gaylord, L. E. 
Goodyear, H. R. 
Johnston, E. 
Yallalee, W. P. 
Zillman, R. W. 


FRESNO 
San Francisco Section 


Bockstahler, L. A. 
Chess, G i 
Cochran, W. K. 
Enochian, W. S. 
Hudson, E. D. 
Pomeroy, M. H. 
Twining, F. E. 
Voller, J. P. 


GARDENA 


Southern California 
Section 


McCulloch, W. McP. 


GARDEN GROVE 


Southern California 
Section 


Brady, S. J. 


GLENDALE 


Southern California 
Section 


Adams, W. H. 
Bayliss, B. P. 
Botticher, W. K. 
Clutter, C. E. 
Collins, C. H. 
Crater, M. L. 
Fordham, N. E, 
Jensen, J. S, 
Malin, C. G. 
Peickii, V. L. 
Shaw, J. F. 


Singer, S. C. 
Sneddon, W. O. 
Strong, H. D., Jr. 


HAMBURG 
San Francisco Section 
Wilkins, R. 


HAMILTON FIELD 
San Francisco Section 
Cohen, L. 


HAWTHORNE 


Southern California 
Section 


Cerny, W. J. 
Christman, M. V. 
Gardner, E. A. 
Johnson, O. C. 
Lesser, M. L. 
Madsen, D. J. 
Sherman, T. J. F. 
Young, E. W. 


HERMOSA BEACH 


Southern California 
Section 


Clark, D. L., Jr. 


HOLLISTER 
San Francisco Section 
Saunders, W. B., Jr. 


HOLLYDALE 


Southern California 
Section 


Colvin, T. E. 


HOLLYWOOD 


Southern California 
Section 


Brand, G. B. 


HONDO 


Southern California 
Section 


Graef, L. F. 
HUNTINGTON 
PARK 


Southern California 
Section 


Acurso, L. A. 
Anderson, J. L. 
Blom, C. 
Coberly, O. J. 
Harney, D. B. 
McArthur, R. F. 
Nystel, A. C. 
Rothermel, E. H. 
Webb, T. C. 
Weis, A. R. 


INGLEWOOD 


Southern California 
Section 


Anisman, G. F. 
Byrne, T. H. 
Chrsconovic, N. 
Decker, W. H. 
Ferguson, J. R. 
Francis, T. F. 
Garber, M. M. 
Geary, D. E. 
Glassco, R. B. 
Gudmundsen, A. 
Jelinek, D. E. 
King, J. C. 
Krupp, J. 0. 
Quackenbush, V. CO. 
Spalding, L. P. 
Springer, E. R. 
Sulkin, M. A. 


INYOKERN 


Southern California 
Section 


Barsell, B. E. 
Campbell, J. H. 
Carr, J. H 
Hirsch, J. 

Jones, R. W., Jr. 
Nelson, A. W. 


LA CANADA 


Southern California 
Section 


Heinze, W. A. 
Pichel, P. W. 
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LAGUNA BEACH 


Southern California 
Section 


Miller, S., Sr. 


LA HABRA 


Southern California 
Section 


Parsons, R. L. 
Tolf, McF. 


LA JOLLA 


Southern California 
Section 


Champion, A. R. 
McRee, K. 0. 
Shaw, J. ©. 


LITTLEROCK 


Southern California 
Section 


Kinzie, P. A. 


LOCKEFORD 


San Francisco 
Section 


Meredith, D. 


LOMPOC 


Southern California 
Section 


Kenney, J. T. 
Walker, R. P. 


LONG BEACH 


Southern California 
Section 


Acosta, A. J. 
Adler, R. C. 
Baker, L. E. 
Bascombe, F. J. 
Campbell, J. P. 
Carstarphen, Cc. F. 
D’Antoni, P, A. 
Fabera, W. 
Fleser, R. H., Jr. 
Grimm, E. L. 
Hagar, E. F. 
Koenig, F. V. 
McConnell, R. U. 
Piatt, A. R. 
Quarnstrom, ALA. 
Tilghman, R. H. 
Toher, J. T. 
Walker, W. F. 
Wood, F. E. 
Wraith, W. 


LOS ANGELES 


Southern California 
Section 


Aaron, R. H. 
Albrecht, D, K. 
Alden, J. A. 
Alexander, W., Jr. 
Allen, J. M. 
Althouse, W. S., Jr. 
Anheier, A. L. 
Armstrong, P. L. 
Armstrong, R. E. 
Arnold, G. B. 
Arthur, W. E. 
Ayres, J. M. 
Bacon, M. 
Baeyertz, F. P. 
Bakesef, S. 
Ballou, J. McK. 
Barish, H. B. 
Barkstrom, E. OC. 
Barnett, J. M. 
Barrett, LeR. 
Baruch, M. 
Bataille, E. J. 
Beanfield, R. McC. 
Beaton, N. H. 
Beeson, F. McD. 
Bernhardt, Cc. H. 


Blackwood, F, 
Boaz, J. BR 
Bodine, A. G. 
Boelter, L. M. 
Boland, J. R. 
Boli, Tea 
Bond, P. ©. 
Borchardt, W. J. 
Bordé, H. J. 
Box, W. T. 
Bradfield, P. E. 
Brasch, J. 
Brittain, J. R. 
Britton, W. Mz. 
Broberg, O. R. 
Brown, B. F. 


A 
Ep bas 
K 


Brown, J. O. 
Brown, R. D. 
Burgess, L. M. 
Burke, H. E. 
Bathe, Rio ter 
Butts, E 
Cambou, E. J. 


Carpenter, B. S. 
Carriere, J. G. 
Carter, W. R. 
Chester, R. G. 
Chrisman, J.L. 
Cimolino, G. N. 
Clark, F. B., Jr. 
Clark, V. O. 
Clarke, C. W. 
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Spisak, A. V. 
Spooner, J. C. 
Springer, R. S. 
Steele, J. H. 
Steinbeck, C. E. 
Stewart, R. R. 
Stoddard, E. 


Strandberg, F. E. 
Strott, J. F. 

Sullivan, G. G. 
Sweetland, E. J. 
Tacchella, A. A. 


Trickett, J. ONG, 
Trudel, ‘A. R. 
Truett, B. S. 
Tucker, A. S. 
Vais, L. A. 
Voorheis, J. T. 


Weir, F. U. 
Weishaar, G. P. 
Weller, A. S. 
Wells, J. A. 


Wright, T. E. 
Wright, W. Q. 
Yates, W. F. 
Zimmerman, A. 


SAN GABRIEL 


Southern California 
Section 


Harman, J. J. 
Thornton, W. F. 


SAN JOSE 
San Francisco Section 


Bellows, J. C. 
Gordon, A. P, 
Hoque, J. E. 
Miller, K. 
Peterson, B. F. 
Pike, C. B., Jr. 
Richardson, F. P. 
Risley, W. L., Jr. 
Rolls, L. S. 
Selleck, R. W. 
Smith, T. J. 


SAN LEANDRO 
San Francisco Section 
Smyth, S. L. 

Woodfield, G. L. 

SAN MARINO 


Southern California 
Section 


Beckett, OC. H., Jr. 
Robinson, S. B., J 
Wagner, E. M. 


SAN MATEO 


San Francisco Section 


Burmester, L. R. 
Clausen, A. W. 
Gayman, B. A. 


SAN PEDRO 


Southern California 
Section 


Brown, G. W. 
Duncan, T. N. 
Gould, W. R. 
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Lawlor, E. R. 
Maissian, E. D. 
Minor, B. 8S. 
Parsons, G. OC. 
Pintar, J. 
Rockett, H. C. 
Sherman, R. J. 
Slocomb,. 0. A. 
Stewart, A. L. 
Wright, R. E. 


SAN YSIDRO 


Southern California 
Section 


Geiger, E. J. 


SANTA ANA 


Southern California 
Section 


Dixon, W. E. 
Mayer, T. P. 
McCollum, P. E. 
Young, H. O., II 


SANTA BARBARA 


Southern California 
Section 


Archer, W. H. 
Pinkerton, A. 


SANTA CLARA 
San Francisco Section 


Craig, G. D. 

Gannett, M. F. 
Hermes, R. M. 
Sullivan, G. L. 


SANTA CRUZ 
San Francisco Section 


Anderson, K. B. 
Steffani, E. ©. 


SANTA MONICA 


Southern California 
Section 


Allen, J. L. 
Allen, Miss S. C. 
Arenz, R. J. 
Arnerich, P, F. 
Borman, R. J., Sr. 
Brown, R. W. 
Bulk, G. K. 
Burch, K. C. 
Christensen, R. H. 
Del Mar, B. E. 


Gilbert, H. M. 
Gillette, E. S. 
Glassco, J. B. 
Green, W. R. 
Josepho, A. M. 
Leonard, N. N., Jr. 
Leong, S$. W. 
Lombard, N. A. 
Mayes, F, F, 
McGowan, J. J. 
Miller, G. P. 
Palmer, P. A. 
Phillips, H. P., Jr. 
Reaser, W. W. 
Rowe, G. T. 

er dts H. H., Jr. 
Tackett, J. B. 
Voorn: 8. V. 
Weddington, J. R. 
Whitaker, J. A. 


SAUGUS 


Southern California 
Section 


Zublin, J. A, 


SHERMAN OAKS 


Southern California 
Section 


Walsh, W. J., Jr. 


SHOEMAKER 
Hirsch, OC, W. 
Relph, E. H. 

SOUTH GATE 


Southern California 
Section 


Ames, ©. S., Jr. 
Graham, M. E. 
SOUTH PASADENA 


Southern California 
Section 


Boller, H. B. 
Chivens, ©. ©. 


Cooke, G. 
Parsons, W. M. 
Robinson, D. N. 
Roswell, I. 


SOUTH SAN FRAN- 
CISCO 


San Francisco Section 


Knebel, H. L. 
Morris, W. K. 


SPRECKELS 
San Francisco Section 
Gutleben, D. C. 


STANFORD 
UNIVERSITY 


San Francisco Section 


Beisser, S. A. 
Bruce, V. G. 
Durand, W. F. 
Finch, Vv. 0. 
Foster, GoRe 
Green, B. M. 
Holden, P. E. 
Jacobsen, L. S, 
Mason, W. A. 
Niles, A. S. 
Timoshenko, S. P. 


STOCKTON 
San Francisco Section 


Geiger, J. D. 
Gravenhorst-Brouwer, 
0. ©. 


STOCKTON FIELD 
San Fraficisco Section 
Mitchell, A. H. 


SUNNYVALE 
San Francisco Section 


ASL, Js. 
Balmanno, Ww. C. 
Breed, E. M. 
Brown, Teh ay 
Browne, A. A. 
Coyle, D. K. 
Drace, C. A. 
Durland, A. O. 
Gallaway, H. M. 


MacDonald, R. F. 
Macomber, T. W. 
Maddock, J. T. 
Peterson, F. W. 
Polomik, E. E. 
Raess, T. F. 
Sommer, W. B. 
Stransky, M. W. 
Taylor, M. P. 


SUNOL 


San Francisco 
Section 


Blade, E. 


TAFT 


Southern California 
Section 


Castagne, A. J. 
Maledy, J. E. 


TEMPLE CITY 


Southern California 
Section 


Buck, R. S. 
Gutsch, P. J. 


TERMINAL ISLAND 
Southern California 
Section 


Block, M. S. 
Hill, G. M. 
Tles, F. B. 

La Grant, R. G. 
Littig, J. S. 


TOPANGA 


Southern California 
Section 


Dubosclard, P. P. M, 


TORRANCE 


Southern California 
Section : 
Duni, R. L. 
Faulkner, D, S. 


if 
Feanlin, P.O. 


) Tiller, J 

'Tunt, M. W. 

| feVicar, A. E. 

_timbs, E. 

TREASURE ISLAND 

)San Francisco Section 

)Marsh, F. G. 

| Neidel, E. O., Jr. 
TRONA 


‘+ Southern California 
Section 


(Moben, S. J. 
| turnbull, W. A., Jr. 


TUJUNGA 


Southern California 
Section 


Ashton, J. W. 


TWENTY-NINE 
PALMS 


‘San Francisco Section 

‘Bohne, L. H. 
VALLEJO 

‘San Francisco Section 


/\Arndt, G. E. 


‘Walk, E. A 
‘Matting, F. W. 
‘Munger, M. P., Jr. 
‘Ricketts, J. B. 
‘Saunders, E, F. 


Wood, A. G 


VAN NUYS 


- Southern California 
Section 


aren: M. N. 
‘olkmitt, R. G. 
VERNON 


- Southern California ~ 
Section 


‘Giedstrand, E, H. 


; VISALIA 
San Francisco Section 


‘Baldo, L. 

| Dornwell, Ww. A. 

| Williams, J; L. 
WALNUT CREEK 

‘San Francisco Section 


Montin, Deeks 


WEST LOS ANGELES 


Southern California 
Section 


Burke, T. U. 
‘Goodfriend, N. 
Spitzley, L. 


Wheeler, W. G. 


{ WHITTIER 


’ Southern California 
Section 


ondit, M. E. 

‘Holden, J. M. 

‘Maxwell, G. D. 

Styerwalt, A. J. 
WILLOWS 

|San Francisco Section 


'Domonoske, A. B. 


WILMINGTON 


- Southern California 
Section 


araco, I. R. 
‘Dreyer, E. L. 
igman, J. 


"Nichols, H. Le 


WINTERS 
‘San Francisco Section 
Snyder, GaP 
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CANAL ZONE 


ANCON 
Cooley, M. L., Jr. 


BALBOA 


Andrews, Z. B. 
Becker, P. M., Jr. 
Gallivan, J. D., III 
Hamlin, E. E., Jr. 
Percy, W. E. 


CRISTOBAL 
Brown, R. R. 


TIVOLI 
Ballenger, R. D. 


COLORADO 


ALAMOSA 
Colorado Section 
Vail, pace. 


BOULDER 
Colorado Section 


Bauer, F. S. 
Beattie, W. S. 
Brannan, J. OC. 
Brockway, W. W. 


Spurlock, B. H., Jr. 
Wood, K. D. 


COLORADO SPRINGS 
Colorado Section 


Gunkel, K. M. 
Lichtenberg, F. D. 


DENVER 
Colorado Section 


Abdun-Nur, E. A. 
Argabrite, A. W. 
August, I. E. 
Bier, P. J. 
Brennan, M. G. 
Brueggeman, K. O. 
Byers, H. R. 
Card, L. B. 
Clayson, G. S. 
Collins, D. R. 
Cooper, A. H. 
Daugherty, F. W. 
Davidson, M. 8. 
Davis, D., Jr. 
DeLuca, BE. 
Edmiston, M. O. 
Ek, G. C. 

Erb, L. D. 

Fox, R. H. 
Gilmor, R. E. 
Gonder, W. W. 
Grimshaw, W. F. 
Hadley, R. C. 
Hahn, W. F. 
Hanger, W. 8. 
Hannah, R. B. 
Hardaway, W. D. 
Harding, R. F. 
Harmon, R. H. 
Hartburg, H. L. 
Harvey, E. L. 
Heidinger, F. 
Hill, A. L. 
Hirsch, C. E. 
Kamptner, G. 
Koke, L. C. 
Koontz, D. L. 
Landes, B. D. 
Lengel, A. 
Litty, F. E. 
Lockwood, F. A. 
Mason, J. E. 
Mattson, H. 
Maxwell, J. W. 
McQuaid, D. J. 
Moses, E. B. 
Mullins, E. V. 
Neithercut, D. C. 
Nelson, M. R. 
Norgren, ©. A. 
O’Rourke, P. E. 


Prechtel, W. R. 
Prouty, F. H. 


Ransom, J. F. 
Reddick, M, E. 
Rhodes, A. E. 
Richardson, J. K. 
Richter, G. A. 
Rienks, G. W. 
Sagstetter, W. H. 
Sheda, R. M. 
Shepard, F. tas" 
Smith, E. L. 
Stanton, iy dob 
Stearns, Tee 
Tessitor, F. 
Thompson, E, C. 


Whiteside, D. W. 
Wilson, J. G. 
Woelbing, G. H. 
Wood, I. C. 
Woodward, A. A. 
Wylie, J. S. 
Yetter, G. L. 
ENGLEWOOD 
Colorado Section 


Tautz, H. E. 


FT. COLLINS 
Colorado Section 


Barmington, R. D. 
Copeland, H. C. 
Scofield, J. H. 
Strate, J. T. 
GILMAN 
Colorado Section 


Stienmier, H. 


GOLDEN 
Colorado Section 


Campbell, F. R. 
Richtmann, W. M. 
GREELEY 
Colorado Section 
Anderson, R. O. 


LA JUNTA 
Colorado Section 
Wales, R. N. 


LEADVILLE 
Colorado Section 
Beatty, C. E. 


LITTLETON 
Colorado Section 
Hart, F. W. 


MANITOU SPRINGS 
Colorado Section 
Keithley, J. F. 


PUEBLO 
Colorado Section 
Dayton, F. 
Valentine, D. B. 
WRAY 
Colorado Section 
Rosenkrans, J. R. 


CONNECTICUT 


ANDOVER 
Hartford Section 
Marchant, J. H. 


ANSONIA 
New Haven Section 
Board, S. S., Jr. 


Mitchell, ae R., Jr. 
Pommer, F. J. 


BANTAM 
Waterbury Section 


Derrom, D. L. 
Kohanow, N. 


BETHEL 


Bridgeport Section 
Wilks, A. O. 


BLOOMFIELD 
Hartford Section 


Johnson, O. V. 
Long, G. A. 


BRANFORD 
New Haven Section 


Barbour, R. OC. 
Golem, G. CO. W 
Warner, ON 


BRIDGEPORT 
Bridgeport Section 


Bailey, ©. J. 
Bange, G. E. 
Banthin, J. F. 
Barnsley, H. J. 
Barr, S. R. 
Beard, T. H. 
Beck, R. 

Belaef, N. N. 
Bilodeau, A. L. 
Blanchard, E. P. 
Bodnar, J. 
Brenzinger, J. 
Brewer, A. 
Bullard, E. OC. 
Bullard, E. P. 
Campbell, L. B. 
Card, F. M. 
Catlin, J. 
Chapman, J. B. 
Clark, W. R. 
Cleveland, R. L., Jr. 
Corcoran, J. L. 
D’Arey, F. G. 
Dmitroff, G. A. 
Ecklund, C. 
Esposito, D. J. 
Ettorre, J. E. 
Fales, J. N. T. 
Fenning, J. F. 
Fry, W. H. 
Gillespie, J.J. 
Graesser, OC. H. 
Grothouse, F. T. 
Hall, C. M. 
Hamil, J. K. 
Harris, H. E. 
Harris, H. P. 
Heumann, J. P. 
Hewey, R. W. 
Hill, F. M. 
Hoagland, O. N. 
Hogan, W. E. 
Torillo, D. J. 
Kenyon, W. O., Jr. 
Kingsbury, J. G. 
Kroder, E. A. 
Lange, P. H. 
Lapinski, L. 8. 
Lucarelle, J. M. 
Marquit, OC. H. 
Marsilius, N. M., Jr. 
Murphy, M. E. 
eat Seip A. ee 
Packard, 

Palmer, fe a 
Powers, J. H. 
Riola, M. R. 
Riordan, W. J. 
Roper, OC. G. 
Schmidt, W. 
Sikorsky, I. I. 
Skinner, O. K. 
Skinner, J. D. 
Skultety, S. L. 
Stansfield, F. H. 
Thompson, D. G. 
Van Yorx, J. H., Jr. 
Waring, R. W. 
Westerberg, C. F. 
Wheeler, W. A., Jr. 
Wilmot, R. C. 
Wood, J. T. 
Yates, OC. W. 
Young, J. F. 
Zikaras, A. J. 
Zimmer, A. I. 


BRISTOL 
Hartford Section 


Barnes, F. F. 
Aig rs J. J. 
Cobb, 


Day, D. E. 
Gengenbach, R. E. 
Hughes, F. G. 
Martin, H. D. 
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Michelsen, H. 
Monich, M, T. 
Nearing, D. W. 
Pease, H. A. 
Stevens, O. ©. 
Vuilleumier, A. 


CHESTER 
New Haven Section 
Myers, E. R. 


CLINTON 
New Haven Section 


Niper, L. S. 
Stevens, A. H. 


COBALT 
Hartford Section 
Beals, R. 0. 


COLLINSVILLE 
Hartford Section 


Rennie, R. 


cos. COB 
Bridgeport Section 
Finn, G. A., Jr. 


DANBURY 
Bridgeport Section 


Hunfalvy, H. A. 
Langstroth, O. B. 
Roehm, P. R. 
Tomlinson, J. R. 
Wells, B. D. 
Wibling, S. E, 


DARIEN 
Bridgeport Section 


De Remer, J. G. 
DuVivier, C. L. 
Kendall, G. H. 


DERBY 
New Haven Section 
Stewart, J. A. 


DEVON 
New Haven Section 
Ripley, E. B., Jr. 


EAST HARTFORD 
Hartford Section 


Anderson, B. G. 
Andrews, R. J., Jr. 
Balch, W. 
Beckwith, C. G. 
Boutelle, A. 
Broders, C. O. 
Brown, B. H. 
Brown, E. D. 
Carmody, J. V. 
Clark, J. J. 
Coar, R. J. 
Cole, G. N. 
Cooper, G. H. 
Elbel, R. E. 
Elliott, Je M. 
Fish, J. 
Frame, z W., Ill 
Fransson, K. 
Galligan, E. on 
Gilbertson, J. S., Jr. 
Henze, P. S. 
Hersey, D. S. 
Hopher, P. S. 
Horgan, W. S. 
Hornidge, R. D. 
Hosking, J. R. 
Kearns, C. M., Jr. 
Kennedy, W. G. 


Klapes, M. O. 
Koetter, F. W. 
Kunz, W. 
Landis, R. P. 
Lauck, L. J. 
Maguire, N. L. 
Magyar, E. A. 
McClintock, F. A. 
Means, H. E 


Mecklenburger, J. W. 
Melrose, G. B., Jr 
Miller, A. B. 

Morss, O. A. 
Odegaard, HB. A, 
Orbeck, E. M. 


Ramm, H. F. 
Richards, D. G. 
Rising, S. M., Jr. 
Robbins, H. E., Jr. 
Roets, J. B. P. 


CONNECTICUT 


Rowley, M. O. 
Shapiro, D. H. 
Skillman, W. R. 
Sorensen, H. A. 
Swartwout, J. F., Jr. 
Swenson, A. B. 
Thomas, J. R., II 
Wetherbee, A. E. 
Wykoff, W. R. 
Young, F. A. 
Zion, R. W. 


EAST NORWALK 
Bridgeport Section 
Macy, R. G. 


EAST PORT 
CHESTER 


Bridgeport Section 
Pinches, ©. H., III 


ESSEX 
New Haven Section 
Thomas, F. 


FAIRFIELD 
Bridgeport Seetion 


Ingold, J. F., Jr. 
Kroto, S. G. 


FORESTVILLE 
Hartford Section 
Clary, F. A., Jr. 


GLENBROOK 
Bridgeport Section 


Ives, G. 8. 
Plumley, R. G. 


GLENVILLE 
Bridgeport Section 


Drescher, R. E. 
Lehmberg, W. H. 


GREENWICH 
Bridgeport Section 


Blackman, A. 0. 
Booraem, J. F. 
Breunich, T. R. 
De Forest, M. G. 
Downing, B. H. 
Gould, R. L. 
Klemin, A. 
Sonntag, A. 
Winton, L. B. 
Yorgiadis, A. J. 


GROTON 
New London Section 


Burnham, C. 
Edwards, G. E. 
Himes, W. H. 
Horan, F. T. 
Leonard, J. S. 
Spear, L. Y. 
Wosak, R. 


HAMDEN 
New Haven Section 


Arnold, A. A. 
Botwinik, N. I, 
Cartwright, K. 
DeMarco, A. V. 
Gaylord, W. W. | 


HARTFORD 
Hartford Section 


Alton, D. E. 
Anderson, A. E, 
Anthony, G. H. 
Ashton, T. P. 
Bailey, J. 
Barnard, W. G. 
Beekley, W. CO. 
Billings, F. 0. 
Blount, W. L. 
Bodger, W. K. 
Burdick, H. 
Burwell, R. T. 
Buxbaum, W. 
Byrom, J. L. 
Cameron, J. A. 
Cassidy, T. F., Jr. 
Chapin, B. R. 
Chaplin, J. H. 
Cook, C. B. 
Crownfield, A. O., Jr. 
Dart, H. E. 
Douglass, D. 
Dow, R. F. 
Eaton, I. D. 


CONNECTICUT 


Erb, E. M. 
Ferguson, W. 
Fincke, D. M. 
Flynn, M. H. 
Fowler, H. C., Jr. 
Gorham, J. M. 
Grandahl, R. L. 
Grove, W. G. 
Halsey, W. D. 
Heldmann, E. J. 
Hellekson, O. H. 
Holeomb, N. P. 
Ingle, H. W. 
Jacobs, W. S. 
Johnson, J. A. 
Kittredge, J. W. 
Knight, F. D. 
Koopman, P. 
Korten, E. ©. 
Kretzmer, M. G., Jr. 


Merritt, J. 
Mirsky, W. 
Morgan, D. K. 
Morrison, J. P. 
Noble, K. B. 
Paine, W. S. 
Peiler, K. E. 
Phillips, A. J. 


Schmidt, H. P. 
Shaffer, T. G. 
Sheketoff, H. M. 
Shires, F, 


Sorensen, H. P. 
Spaunburg, H. L. 
Steinberg, A. M. 
Stout, J. D. 
Teller, S. J. 
Tuttle, I. E. 

van Zelm, H. B. 
Wadman, H. A. 
Washburn, J. M. 
Weil, R. L. 
Wilkins, R. F. 
Williamson, W. R. 
Winchester, M. H. 
Woodruff, ©. A. 


HAZARDVILLE 


Hartford Section 
Mulak, J. P. 


LAKEVILLE 
Waterbury Section 
Kellogg, G. D., Jr. 


LIME ROCK 
Waterbury Section 
Eldred, B. E. 


MADISON 
New Haven Section 


Brooks, J. A. 
Dean, P. P. 


MANCHESTER 
Hartford Section 


Cheney, F., Jr. 
Dobson, W. J. 
Irvine, J. P. 
Mallory, H. R. 
Treat, R. M. 
Wohnus, Miss H. M. 


MERIDEN 
Hartford Section 


Church, H. F., Jr. 
Clough, A. B. 
Donnelly, J. J., Jr. 
Flagg, O. N., Jr. 
Fogwell, J. W. 
Joyce, R. E., Jr. 
Keinath, G. 

Milas, R. J. 
Pursell, W. U. 
Sprafke, D. W. 
Upham, K. H. 
Walker, P. J. 


MIDDLEBURY 
Waterbury Section 
Ciark, R. A. 
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MIDDLETOWN 
Hartford Section 


Lyman, J. R. 
Williams, G. M. 


MILFORD 
New Haven Section 


Kelsey, E. I. 
Miles, G. N. 
Smith, A. OC. 


MYSTIC 
New London Section 


Dodds, R. H. 
Willhelm, O. F. 


NAUGATUCK 
Waterbury Section 


Anderson, H. A. 
Helquist, J. E. 
Pepperman, C. W. 
Polleys, H. R. 
Steinke, B. J. 


NEW BRITAIN 
Hartford Section 
Bauer, P. W. 


Rowland, W. P. 
Scott, A. H. 
Stanley, A. W. 
Welch, N. A. 


NEW CANAAN 
Bridgeport Section 


Bancroft, C. F. 
Liebowitz, B. 
Radford, G. S. 


NEW HAVEN 
New Haven Section 


Bacon, D. L. 
Bariffi, H. F. 
Barnum, S. H. 
Boak, T. I. S. 
Breitenstein, A. F. 
Brockett, F. H., Jr. 
Caspell, E. E. 
Crossley, F. R. E. 
Dolan, O. H., II 
Dudley, S. W. 
Dugan, W. G. 
Duncan, W. Y., Jr. 
Dunlop, C. W 


English, P. i. 
Ferguson, D. A. 
Fisher, H. D. 
Franz, F. L. 
Greene, N. B., Sr. 
Harper, R. S. 
Herr, J. A. 
Holmes, G. R. 
Hook, J. W. 
Hope, H. W., Jr. 
Horst, C. A. 


Lichty, L. C. 
MacArthur, R. 
Mooney, R. J. 
Mullen, J. O. 
Newton, W. G. 
Oliver, C. E, 
Olson, D. R. 
Onuf, B. R. 
Paffen, P. J. 
Parsell, R. L. 
Phelps, O. W. 
Plant, A. M. 
Potter, J. R. 
Preston, F. W. 
Radecki, M. J. 
Redway, A. S. 
Richardson, F. C. 
Salminen, A. A. 
Schwanfelder, W. 
Seward, H. L. 
Shaw, f 
ae N. 
Swenson, L. K. 


Taylor, C. W. 
Thompson, W. F. 
Von Ohlsen, L. H. 
Waibler, P. J. 
Walton, E. H. 
Warner, R. G. 
Waters, E. O. 
Weinhold, J. F. 
Welter, G. 
Westcott, H. R. 
Wheeler, G. E., Jr. 
Withington, S. 
Wohlenberg, W. J. 
NEWINGTON 
Hartford Section 


Wilcox, W. M. 


NEW LONDON 
New London Section 


Barry, R. E. 
Beaney, W. E. 
Brown, C. W. 
Cerreto, S. S. 
Clearwaters, W. L. 
Cruise, D. P. 
English, F. S. 
Harrington, J. V. 
Holloway, R. A. 
Patterson, J. L. 
Whiton, L. E. 


NEW MILFORD 
Waterbury Section 
Bennett, G. L. 


NEW PRESTON 
Waterbury Section 
Darbee, W. 


NORTH HAVEN 
New Haven Section 


Hawkins, W. J. 
MacWilliam, E. W. 
Throckmorton, R. E. 


NORWALK 
Bridgeport Section 


Barton, E. A. 
Gallaher, E. B. 
Gray, G. F. 
Hugger, R. H. 
Jones, D. D. 
Vogt, C. W. 


NORWICH 
New London Section 


Karch, R. G. 
Moodie, A 
Palmer, S. B., Jr. 
Perutz, F. 


OLD GREENWICH 
Bridgeport Section 


Beede, A. H. 
Lofgren, G. E. 
Murray, A. F. 


OLD LYME 
New London Section 


Salveson, M. E. 
Wall, W. C. 


OLD SAYBROOK 


Hartford Section 
Nolin, ©. A. 


PEQUABUCK 
Waterbury Section 
Studley, G. L. 


PLAINVILLE 
Hartford Section 
Appleyard, J. S. 


PLANTSVILLE 
Hartford Section 
Bayrer, L. G. 


PORTLAND 
Hartford Section 
Crafts, I. M. 


PUTNAM 
New London Section 
Grapnel, S. L. 


\ 
RIDGEFIELD 
Bridgeport Section 
Murphy, T. R. H. 


SEYMOUR 
Waterbury Section 
Mikulich, A. 

Reno, H. P. 
SHARON 
Waterbury Section 

Thurston, E. D., Jr. 


SHELTON 
New Haven Section 


Di Donno, P. A. 
Hein, H. P. 
Reaney, E. 


SIMSBURY 
Hartford Section 
Hamilton, W. F. 


SOUTH MERIDEN 
Hartford Section 
Petruzzi, C. E. 


SOUTH WATERBURY 
Waterbury Section 
Titus, R. M. 


SOUTHINGTON 
Hartford Section 


Ludwick, W. L. 
Van Schwartz, Z. C. 


SOUTH NORWALK 
Bridgeport Section 


Adams, H. E. 
Butler, L. C. 
Jennings, lig foe 


one, H. 


SOUTHPORT 
Bridgeport Section 
Roe, J. W. 


SPRINGDALE 
Bridgeport Section 
McOue, J. O. 


STAFFORD SPRINGS 
New London Section 
Schwanda, T. F. 


STAMFORD 
Bridgeport Section 


Alberga, G. H. 
Babcock, L. R. 
Batesole, D. E. 
Bulger, W. A. 
Cornell, E. S., Jr. 
Curcio, A. P. 
Davol, F. H., Jr. 
Day, H. L. 
DeBell, G. W. 
Dieter, F. A. 
Durkee, OC. H. 
Follari, S. 
Guins, S. G. 
Harris, S. P. 
Hoyt, W. R. 
Jozefowiez, E. 
Laney, F. R. 
Ledin, C. C. 
Lewin, H. L. 
Marshall, W. 
Mesinger, F. W. 
Patch, E. S. 
Rendos, J. J. 
Sonnino, M. 
Southack, T. W. 
Tate, M. CO. 
Thoresen, R. S. 


STONINGTON 


New London Section 


Barry, J. S. ©. 
Kuehn, H. E. 
Lachman, L, A. 
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STONY CREEK 
New Haven Section 
Keyes, H. M. 


STORRS 
New London Section 


Coogan, CO. a Jr. 
Hanson, K. P 
Stephan, E. R. 


STRATFORD 
Bridgeport Section 


Bibeault, G. J. 
Bird, J. M. 
Burandt, R. J. 
Green, M. 
Lieberg, E. 0. 
Loring, S. J. 
Morton, E. E. 
Olsen, R. O. 
Pitman, W. A. 
Rathaus, J. T. 
Rubinstein, M. A. 
Schneider, G. R. 
Spaulding, E.R. 


Zuckerberg, H. 


TAFTVILLE 
New London Section 
Reed, T. E. 


THOMPSONVILLE 
Hartford Section 


Gallagher, H. G., Jr. 
Ridley, E. L. 


TORRINGTON 
Waterbury Section 


Ashmead, A. 8. 
Blakeslee, H. R. 
Klonoski, A. F. 
O’Connell, R. G. 
Perry, R. H. 
Storrs, R. S. 


WALLINGFORD 
Hartford Section 


Crain, J. J. 
Dommers, W. A. 
Hutchinson, J. A. 


WATERBURY 
Waterbury Section 


Ashley, H.. ©. 
Barone, J. J. 
Bean, L. G. 
Bristol, H. H. 
Carter, F. W. 
Chase, L. A. 
Childs, O. W. 
Daly, E. J. 
Davis, A. L. 
Dempsey, M. J. 
EHisenwinter, E. E. 
Ellis, A. L. 
Fiege, H. J. 
Forman, W. W. 
German, A. J. 
Granger, OC. H. 
Griffin, J. B. 


Haydon, A. ‘Ww. 
Hatch, G. H. 
Hofmann, G. 
Koester, H. 


Petersen, P. E. 
Pritchard, F. A. 
Purinton, F. G. 


Rianhard, T. MeM., Jr. 
Roberts, ag H. N. 
Schneider, Ww. C. 
Shailer, H. R. 
Shoemaker, R. W. 
Simpson, R. W. 
Simpson, W. K. 
Somers, D. LeR. 
Sperry, R. S. 
Tabshey, F. P. 
Thompson, H. L. 
Vaill, J. L. 
Vanderweil, R. G. 
Waidelich, ah i 


Warner, C. M. 
Weld, P. B 
Wilson, F. G. 


WATERFORD 
New London Section 
Schlink, N. H. 


WATERTOWN 
Waterbury Section 
Soderberg, E. W. 


WATERVILLE 
Waterbury Section 
Case, W. E. 


WEST HARTFORD 
Hartford Section 


Bernhardt, G. K. 
Burt, C. R. 
Carlson, A. E. 
Gustafson, J. K. 
Herrick, E. P. 
Hoagland, F. O. 


Welch, Mrs. B. S. 


WEST HAVEN 
New Haven Section 
Halloran, J. M. 


WESTPORT 
Bridgeport Section 


Faile, E. H. 

Hill, M. F. 

Kemp, W. Van A. 
Kroto, G. 

Nichols, W. H. 

van Voorhees, R. M. 
Yeo, E. J 


WILLIMANTIC 
New London Section 
Welch, A. E. 


WILTON 
Bridgeport Section 


Dun, H. W., Jr. 
Hubbard, E. R. 


WINDSOR 
Hartford Section 
Fish, E. R. 


WINDSOR LOCKS 
Hartford Section 


Mather, R. H. 
Regan, J. C. 
Smith, H. P. 


WOODMONT 
New Haven Section 
Pope, H. L. 


DELAWARE 


CLAYMONT 
Philadelphia Section 
Leinheiser, R. P. 


DELMAR 
Philadelphia Section 
Plummer, W. S. 


DOVER 
Philadelphia Section 
Broden, E. H. 


EDGEMOOR 
Philadelphia Section 
Burnite, A. W. 
Locke, W. 
Mulveny, F., Jr. 
Shonnard, H. W. 

FT, DUPONT 
Philadelphia Section 
Mahlab, S. S. 


snigait 


HOLLY OAK 


Philadelphia Section 


Bond, W. G. 


NEWARK 


Philadelphia Section 


Blumberg, L 
Colburn, A. P. 
Greenwald, D. U. 
Lindell, W._F. 
Sigmund, H. A. 
Tuttle, N. J. 


NEW CASTLE 


Philadelphia Section 


Bellanca, G. M. 
Kee, R. J. 
Lynam, J. W. 


\ NEWPORT 


Philadelphia Section 
Sunderland, R. N., Jr. 


SEAFORD 


Philadelphia Section 


Newell, T. A. 


WILMINGTON 


Philadelphia Section 


Ackart, E. G. 
Albright, C. M., Jr. 
Alves, G. E. 
Applegate, W. F. 
Ayer, W 

Barnes, J. F. 
Barnes, W. J. 
Belair, R. A. 
Bergen, M. J. 
Bergland, W. S. 
Bertrand, L. 
Bible, W. B., Jr. 
Bogart, W. M. 
Bonsal, R. I. 
Bridge, T. E. 
Bunker, H. L., Jr. 
Chilton, T. H. 
Chowning, J. R. 
Coffin, ; 
Converse, B. T. 
Cooke, J. C. 

Cox, F. G. 
Craig, J. McK. 
Crane, R. D. 
Dawson, J. E. 

De Luca, J. A. 
Doughty, F. O. 
Dunnington, W. 
Edwards, C. L. 
Elmendorf, W. T. E. 
Finger, Ke E 


Fulling, R. W. 
Goldsmith, P. H. 
Graesser, E. C. 
Griffiths, W. T., Jr: 
Gronemeyer, G. E. 
Haber, E. H. 
Hahn, A., Jr. 
Harkins, H. D. 
Hayes, F. O. 
Heald, W. R. 
Henderer, W. E., II 
Homewood, W. T. 
Hope, W. R. 

Hull, D. R. 

Hull, J. H., Jr. 
Irwin, V. H. 
Jacobson, S. B. 
Jacoby, W. 
Jagdmann, E. F. 
Keen, W. N. 

Kent, N. W. 

Kerr, OMP: 

Kind, D. A. 
Kienholz, R. A 


Lindstrom, Gare 
Lininger, B. A. 
MacGregor, R. McQ. 
Madsen, H. P. 
Maier, H. L., Jr. 
Mathews, R. T. 
Maxfield, H. H. 
May, H. E. 
Mealister, A. O’J. 
McBerty, F. H. 
McCormick, C. D. 
McDonald, J. M. 
Miner, H. L. 
Mosbrook, J. S. 
Mueller, A. OC. 
Murphy, C. T. G. 
Newton, C. A. 
Norling, B. S. 
O’Brien, I. K. 


Orno, K. E. 
Otto, W. H. 
Palmgren, S. G. 
Parcels, C. F. 
Parsons, J. L. 
Petrescu, O. S. 


Radziminski, Wiis 
Rhoads, J. E. 
Rhoads, P. G. 
Richardson, P. L. 
Roberts, F. B. 
Robinson, C. S. 
Sands, W. R., Jr. 
Sayer, J. S. 
Segel, J. 

Segl, W. E. 
Shaw, B. F., II 
Shaw, J. H. 
Shimer, A. A. 
Shinn, W. I. 
Shoop, J. W. 
Smith, W. J. 
Sperry, S. E., Jr. 
Staniar, W. 
Staszesky, F. M. 
Steinberg, L 
Stuart, J., III 
Sturken, R. C. 
Sutton, E. C. 
Taylor, C. E. 
Tepe, J. B. 

TH Rs 
Vaklyes, J. W., Jr. 
Varnes, S, K. 
Viohl, O. W., Jr. 
Viohl, H. K. W. 
Vittucci, R. V. 
Walton, R. E. 
Warner, J. L. 
Warren, E. J. 
Webb, ©. C. 
Wesstrom, D. B. 
Westendorf, ©. L. 
Wiggins, M. E. 
Wood, H. B. 
Ziegler, T. F. 


YORKLYN 


Philadelphia Section 


Bahr, J. L. 
Cronin, F. H. 


DISTRICT OF 


COLUMBIA 


WASHINGTON 


Washington Section 


Adair, J. G. 
Adams, W. A. 
Adelman, A. 
Alburger, H. A. 
Aldrich, R. C. 
Alsberg, J. 
Amey, E. B. 
Amorosi, A. M. 
Armor, M. K, 
Asnin, J. I. 
Atherholt, G. M. 
Atkinson, R. L. 
Austin, H. W. 
Babeor, J. A. 
Baer, C. A. 
Baker, A. L. 
Balleisen, C. E. 
Barkley, J. F. 
Barnes, W. J. A 
Bayer, A. R. 
Bean, H. S. 
Behét, L. V. 
Beighley, P. A., Jr. 
Bell, H. S. 

Bell, M. 
Belsheim, B10: 
Bennett, D. A. 
Berberich, O. E. 
Berdahl, E, 0. 
Bessio, 0. 
Bester, L. R. 
Betts, G. E., Jr. 
Bilisoly, C. S. 
Billich, W. H 
Bird, B. 

Black, S. J. 
Blake, A. H. 
Blirer, A. E. 
Bollinger, R. H. 
Bonney, R. H. 
Bowen, H. G. 
Bowman, O, E. 
Boxer, J. 

Boyle, J. C. 
Brace, N. G. 
Bransford, ©. K. 
Briggs, We On dr: 
Brock, O 
Brooks, a 
Brootzkoos, 8.0. 
Bruister, T. J. 


Brunett, A. L. 
Bryan, H. G. 
Bunevich, R. R. 
Burdick, L. R. 
Burger, M. 
Burzynski, L, E. 
Bush, V. 
Cadwallader, L. W. 
Campbell, G. W. 
Campbell, T. D. 
Carl, R. A. 
Carlson, K. J. 
Carman, E. P. 
Carten, L. A. 
Carvey, T. B., Jr. 


Chankalian, Tis 0135 
Chase, J. D. 
Chattler, L. M. 
Clark, W. 8S. 
Codd, L. A. 
Comstock, L. K. 
Collisson, N. H. 
Conant, W. S. 
Cook, H. L. 
Cooper, W. S. 
Coston, C. L. 


Crowley, R. W. 
Cruickshanks, B. O. 
Daleda, J. 

Dansie, G. W., Jr. 
Davidson, E, H. 


Davidson, E. H., Jr. 


DeShazer, G. A. 
Deutch, M. J. 
Deutsch, I. N. 
Devereux, H. M. 
Dickinson, H. O. 
Dietz, W. F. 
Digges, H. S. 
Dill, R. 8. 
Dodson, W. 
Doersam, O. H., Jr. 
HE ecrmet pt Os Ey 
Doolin, E. M. 
Doolittle, J. H. 
Doriot, G. F. 
Dryden, H. L. 
Duncan, J. M. 
Eaton, H. N. 
Eberth, W. F. 
Edgar, A. J. 
Edwards, F. A. 
Eich, C. C. 

Ely, E. W. 
Engle, R. W. 
Ensinger, W. B. 
Erwin, H. P. 


Feiker, F. M. 
Filbert, H. C., Jr. 
Finkle, E. 

Fiore, H. S. 
Fishbein, J. J. 
Fitzgerald, J. 
Fleming, L. T 
Foley, G. B. 
Freeman, L. D. 
Friedrich, W. G. 
Froehlig, G. E. 
Frye, C. B. 
Fullmer, I. H. 
Fusfeld, R. D. 
Galvin, R. B. 
Garrahan, T. F, 
Gessow, 1 D. 
Gichner, J. H. 
Giegengack, A. E, 
Giles, $ 

Glassie, D. C. 
Gold, D. 
Goldgraber, H. D. 
Goodwin, E. W. 
Graham, R. F. 


Greenhalgh, J. E. 
Greist, A. O. 
Griffith, USL beac bee 
Grimberg, J. C. 
Gunnell, B. C. 
Hall, J. M. 
Hamill, J. S. 


Hammers, W. S., Jr. 


Hanna, J. H., Jr. 
Hanrahan, F. J. 
Haroldson, H. W. 
Harrigan, H. H. 
Harrison, J. H. 
Fanta. 
Hauschildt, M. R. 
Hausler, W. B. 
Hausmann, L. 
Hayes, J. A. 
Heald, R. H. 
Hepburn, N. C. 
Hilands, W. H. 
Hochman, E. 
Hoelke, H. A. 
Hoffman, E. E. 
Holcombe, A. M. 
Holmes, L. B. 


Holtzclaw, H. J. 
Hood, B. B. 
Horan, J. J. 
Hubbard, ©. W. 
Hunt, E. E. 
Hutchinson, E. C. 
Jackson, C. H. 
Jackson, M. 
Jakobsson, G. H. 
Jasper, N. H. 
Jewett, A. C. 
Joers, J. E. 
Johnson, A. E, 
Johnson, A. F, 
Josephs, L. O., III 
Joyce, O. S 
Justice, W. C. 
Karsunky, W. K. 
Kaufman, M. 
Kearney, J. D. 
Kemp, H. A. 
Kiernan, F. R. 
King, M.-H. 
King, W. 0’O. 
Kinney, J. J. 
Kissam, W. M. 
Kline, G. M. 
Kohler, A. J. 
Kopp, P. J. 
Kories, 0. V. 
Kroeger, E. J. 
Kuehn, K. F. 
Kugel, H. K. 
Kuhn, S. 
Kulieke, F. C., Jr. 
Kutz, H. R. 
Land, E. S. 
Landvoigt, T. E. 
Lane, E. J. H. 
Lanigan, T. M., Jr. 
Larson, J. E. 
Leonard, i. B: 
LeTart, H. J. 
Levine, B. 

Lewis, G. W. 
Lifvergren, E. R. 
Linsley, L. N. 
Linten, L. 


Magalhaes, W. S. 
Magdeburger, E. O. 
Maier, M. W. 
Malamut, M. 


Mark, W. J. 
Marshall, R. ©., Jr. 
Marshall, S. W., Jr. 
Martensson, M. 
Marx, H. J. 
Mason, M. A. 
McBurney, J. W. 
McCann, W. E. 
McKenzie, A. M. 
McKeown, G. M. 
McLarren, R. 
Meador, B. F. 
Meier, J. B. 
Meleney, R. C., Jr. 
Merrill, R. D. 


Meyer, V. B. 
Meyerson, M. H. 
Michel, R. 
Miller, C, E. 
Miller, J. G. 
Miller, J. M. 
Moeller, R 
Moody, L. B. 
Moore, M. MacV. 
Motch, E. R., Jr. 
Muller, E. A. 
Muller, R. J. 
Murphy, M. J. 
Muth, R. F. 
Niemi, L. S. 
Noonan, E. F., Jr. 
Norden, H. F. 
Norton, A. P., Jr. 
Nowak, R. C. 
O’Brien, M. F. 
Oldson, N. P. 
Olson, R. M. 
O’Mara, KE. A. 
Orr, W. A. 
Parker, D. S. 
Pearson, N. A. 
Perrott, W. 
Peterson, R. R. 
Phillips, J. ©. 
Pinn, S., Jr. 
Plotner, N. E. 
Plummer, R. W. 
Polhamus, E. C. 
Pond, H. O. 
Putman, R. S. 
Ramberg, W. 
Reamy, W. C., Jr. 
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AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


Reid, J. io “Tr. 
Reitz, F. M. 
Reubush, R. Bi. dx. 
Reznek, B. 
Rice, W. E. 
Richards, E. H. 
Robinson, W. J. 
Roeder, C. H. 
Roome, H. R. 
Root, V. A. 
Rose, L. J. 
Rouse, R. W. 
Rudgers, A. J. 
Russell, J. R. 


Scheuble, oad WAG Jr. 
Schiffel, J. 
Schoening, re C. 
Schrader, C. G 
Schroeder, W. O. 
Schulze, E. F. OC. 
Schum, E, C. 
Schwartz, A. J. 
Scipio, L. A. 
Scott, F. W. 
Scott, R. 
Seaquist, W. H. 
Searle, R. M. 
Seibert, O. J. 
Seigel, A. E. 
Seiple, M. P. 
Shepard, B. M. 
Shepard, S. 
Shinkle, V. G. 
Shoudy, W. A. 
Shriver, W. B. 
Sihler, J. H. 
Simpson, R. T. 
Sinclair, L. P., Jr. 
Singleton, P. A 
Smoot, L. E. 
Snelling, H. H. 
Spencer, T. E. 
Spruitenburg, M. J. 
Squire, H. A. 
Steinberg, H. 
Stephens, R. M. 
Stephenson, G. C. 
Strange, C. A. 
Straub, E. D. 
Styles, T. W. 
Swenson, K. E. 
Tann, W. L. 
Tate, T. R. 
Taylor, F. A. 
Taylor, M. M. 
Teberg, D. E. 
Thielscher, H. G. 
Thomas, J. W. 
Thomas, P. H. 
Thompson, H. H. 
Thompson, J. I. 


Thompson, R. F., Jr. 


Thuney, F. M. 
Tincher, T. S. 
Titus, J. W. 
Tolman, L. P. 
Tompkins, F. M. 


Toothacker, W. S., Jr. 


Truax, W : 
Vacca, G. A. 


van der Jagt, B. G. H. 


Vane, F, F. 
Van Riper, F. H. 
Van Wyck, P. S. 


Wambaugh, R. H. 
Wang, S. C. 
Warren, R. W. 
Weaver, W. E. 
Webster, G. CO. 
Werngren, M. S. 
Wertman, D. 
Weschler, M. E. 
Wesson, CO. M. 
West, O. E. 
Weston, L. A. 
White, V. McK. 
Whittemore, H. L. 
Wiedmer, J. B. 
Wilberding, M. X. 
Wilcoxon, E. M. 


Wilkinson, G. D., Jr. 


Williamowsky, D. J. 
Williams, J. H. 
Williams, W. F. 
Willis, P. A. 
Wittig, C. O. G. 
Wood, A, A. 
Wood, J. W. 
Wright, H. M. 
Wuertele, L. M. 
Yaeger, R. G. 
Yates, R. M. 
Young, S. P. 
Youngdahl, P. F. 
Youngquist, R. 
Zafian, H. J. 
Zisman, W. A. 


FLORIDA 


FLORIDA 


BANANA RIVER 
Florida Section 
Dodson, J. R., Jr. 
BRADENTON 
Florida Section 
Davis, C. B. 
CAMP BLANDING 
Florida Section 
Wallace, E. G. 


CAMP MURPHY 
Florida Section 
Cheeseman, H. L. 


CANTONMENT 
Florida Section 
Major, A. R. 


CLEARWATER 
Florida Section 
Keller, R. D. 


CLEWISTON 
Florida Section 


Jones, H. S. 


COCOA 
Florida Section 
Farnham, R. D. 


CORAL GABLES 

Florida Section 
Bartlett, P. M. 
Clouse, J. H. 
Jones, S. U. 

DADE CITY 

Florida Section 

Burns, N. S., Jr. 


DeLAND 
Florida Section 
Lowry, C. M. 


EDGEWATER 
Florida Section 
Ranken, H. B. 


EUSTIS 
Florida Section 
McWorkman, D. 


FT, LAUDERDALE 
Florida Section 
Buckwalter, T. V. 


FT, MYERS 
Florida Section 
Fitzsimmons, S. D. 
Hoerter, H. E. 
GAINESVILLE 
Florida Section 


Bourke, N. T. 
Ebaugh, N. C. 
Leggett, J. T., Jr. 
Moulenbelt, R. OC. 
Remp, G. E. 
Thompson, R. A. 
Yeaton, P. O. 


GREEN COVE 
SPRINGS 
Florida Section 
Banner, W. K. 
Piper, H. H. 
GULFPORT 
Florida Section 
Saalfrank, R. B. 


HENDRICKS FIELD 
Florida Section 
Campbell, J. L. 


FLORIDA 


HOLLYWOOD 
Florida Section 
Blakeley, S. D. 


JACKSONVILLE 
Florida Section 
Bozarth, H. H. 


Capps * 
Chonaen, W. H. P. 
Drake, J. H. 
Drew, W. E. 
Hufford, J. D. 
Kirsch, M. 
Palumbo, M. D. 
Pastor, J. C. 
Person, C. E., Jr. 
Scott, J. M. 
JOHNSTON 
Florida Section 


D’Ambrosi, A. A. 


KEY WEST 
Florida Section 


Girton, W. Z. 
Kut, W. S. 
Van Deursen, O. A. 


LAKELAND 
Florida Section 
Fiske, J. M. 


LAKE MONROE 
Florida Section 
Stansfield, W. A. 


LAKE WALES 
Florida Section 


Galloway, L. 
Kerns, C. B. 


MAITLAND 
Florida Section 
Schreiber, H. V. 


MANDARIN 
Florida Section 
Hammett, P. M. 


MELBOURNE 
Florida Section 
Ritter, P. A. 


MIAMI 
Florida Section 


Acker, A. W. 
Balough, 
Beensen, 
Dowdell, 
Estes, H. 
Fillman, 
Furchgott, "A. C., Jr. 
Gebhart, F, 
Hamilton, S5T. 
Hudson, W. R., Jr. 
Jensen, J. A. 
Johns, R. W. 
Kozica, W. S. 
Leslie, B. S. 

Levy, B. L. 
Mershon, R. D. 


Om Ont. 
one 


Stewart, S. L., bat 
Storey, N. C. 
Vassily, G. R. 
White, J. H. 
MIAMI BEACH 
Florida Section 


Garrard, O. J., Jr. 
Davidson, S. 
Seawell, S. D. 
OKEELANTA 
Florida Section 
Shepley, R. 


ORLANDO 
Florida Section 


Bragdon, G. D. 
Gabriel, E. Z. 
Nolan, H. L. 
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PALM BEACH 
Florida Section 
Nicol, G. A., Jr. 
Price, A. M. 
PANAMA CITY 
Florida Section 


Clubbs, B. A. 
Kelly, R. E. 


PENSACOLA 
Florida Section 


Bothfield, R. 
Fisher, P. S., Jr. 
Getsug, B. 
Holdcraft, H. J., Jr. 
Jackson, J. A. 
Jennings, J. M., Jr. 
Petruzzo, A. R. 
Robb, B. R. 
Rosness, G. E. 
Sandbrook, J. W. 
Sisson, E. F. 

Teele, W. B. 


RATTLESNAKE 
Florida Section 


Bregler, W. A. C. 
Erickson, O. P. 


SANFORD 
Florida Section 
Cornell, R. L. 


ST. AUGUSTINE 
Florida Section 


Tousey, W. M. 
Weinstein, H. R. 


ST. PETERSBURG 
Florida Section 


Bartow, P. L. 
Ormston, A. J. 
Peacock, R. 


SARASOTA 
Florida Section 


Burkett, W. J. 
Church, H. D. 
Hasselberg, F. O., Jr. 


STARKE 
Florida Section 
Hettinger, O. 


TALLAHASSEE 
Florida Section 
Zeigler, G. E., Jr. 


TAMPA 
Florida Section 


Barnett, S. W. 
Bell, J. A. 
Carpenter, D. F. 


Jensen, M. A. 

Klinck, J. H. 

Malmberg, P. O. 

Melick, N. A. 

Petersen, C. E. 

Peyinghaus, R. 

Willis, D. E. 

Young, R. M. 

WEST PALM BEACH 
Florida Section 

Ovaitt, D. W. 

Reber, L. E. 
WINTER PARK 
Florida Section 


Hunter, J. 
Rippey, G. S. 


GEORGIA 


ALBANY 
Fisher, A. W. 


ATLANTA 
Atlanta Section 


Allen, R. L. 
Bailey, N. F. 
Baker, A. W., Jr. 
Banks, J. T. 


Bell, T. E. 
Benjamin, R. N. 
Bennett, W. F. 
Birdsall, P. E. 
Boland, L. C., Jr. 
Bragg, F. CO. 
Braugart, oF dr. 
Brooks, E 
Byerley, T. 4 


Emerson, O. L. 
Eppelsheimer, P. C. 
Ses tar Po Re 
Field, 


Gowdy, A 


Holland, A. D. 
Howard, D. L. 
Howell, R. S. 


Hutchinson, A. H. 
Jannett, A. V., III 
Kahn, J. M. 
Kearney, O’E. 
Keiser, A. C., Jr. 
Kerby, W. D., Jr. 
King, R. S. 
Kirby, W. C. 
Klein, E. W. 
Klein, E. W., Jr. 
Koch, A. H. 
Lindstrom, A. L. 
Mankin, G, 
Martin, R. A. 
Mason, H. W. 
Mauldin, E. 
McAlpin, W. J. 
McBurney, W. B. 
McWhorter, M. J. 
Merl, M. F. 
Miller, N. 
Molleson; G. C. 
Moshkoff, 8. V. 
Mundy, J. T. 
Narmore, P. B. 
Neely, F. H. 
Newcomb, R. S. 
Nichols, P. H. 
Noland, S. ©. 
North, J. W. 
O’Brien, E. W. 
Owens, W. B. 
Parker, J. W., Jr. 
Pate, S. G., Jr. 
Piske, R. A., Jr. 
Prather, J. C. 
Rae, O. O. 
Rittelmeyer, J. M. 
Robert, L. W., Jr. 
Robertson, G. A. 
Scott, F. W. E. 
Sherrill, B. E. 
Shuff, E. L. 
Smith, B. D. 
Smith, B. K. 
Smith, B. M. 
Smith, F. ©. 
Smith, T. E. 


Snellgrove, W. A., Jr. 


Stauverman, E., Jr. 
Stokey, W. F. 
Summers, B. D. 
Sweigert, R. L. 
Townsend, T. H., Jr. 
Trotter, R. A. 
Ugald, H. H. 

Van Leer, B. R. 
Vidosic, J. P. 
Walsh, F. O., Jr. 
Waters, V. F. 
Webb, C. L. 
Weber, H. S. 
White, A. O., Jr. 
Wilcox, D. B. 
Yopp, P. R. 
Zsuffa, L. F. 


AUGUSTA 
Savannah Section 
Kennedy, W. R., Jr. 
Ouzts, J. A., Jr. 
BELLCRAFT 
Killinger, C. E. 


BRUNSWICK 
Savannah Section 
Babb, R. M. 
Lynah, J. 


Moxham, E. 
Washburn, E. S. 


CAMP STEWART 
Savannah Section 


Ballinger, P. F. 
Lloyd, F. H. 


COLUMBUS 
Jackson, H. O. 


CAVE SPRING 


East Tennessee 
Section 


Burnett, C. L. 
DECATUR 
Atlanta Section 


Raettig, A. E., Jr. 
Todd, P. E. 


EAST POINT 
Atlanta Section 


Bache, W. H. 
aber eee M. 
Smith, 

Wright, An re 


FT, BENNING 


Cornell, W. CO. 
Warren, A. J. 


HAMPTON 
Atlanta Section 
Anderson, H. C., Jr. 


KINGSTON 
Felten, J. M. 
LINDALE 
Atlanta Section 
Turley, C. 
MACON 
Atlanta Section 


Hollweg, C. H. 
Kauffman, W. W. 
Mims, w. H. 
Souther, G. L., Jr. 


MARIETTA 
Atlanta Section 


Glover, J. B. 
Keith, W. W. 
LaForge, R. M. 
Meier, G. H. 
Miller, R. C., Jr. 


McINTYRE 
Atlanta Section 


Frobes, C. D. 
Tiernan, J. B. 


NEWNAN 
Atlanta Section 
Trapnell, J. M. 
ROME 
Atlanta Section 


Archer, E. G. 
Cooper, W. B. 
Sulzbacher, J., Jr. 


ST. SIMMONS ISLAND 


Savannah Section 
Moore, C. G. 


SAVANNAH 
Savannah Section 


Altman, G. G., Jr. 
Artley, W. H. 
Broward, H. E. 
Earl, T. C. 

Ferris, H. E. 
Gardner, T. H. 
Kehoe, D. E. 
Kelley, H. W. 
Mercer, G. A., Jr. 
Mingledorff, W. L., Jr. 
Ormond, A. C. 
Ormond, A. M. 
Roesel, L. C. 
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Sams, B. J. 
Sikes, J. M. 
Sprague, W. W. 
Thomas, O. L. 
Wills, S. D. 
Witmer, G. W. 


THOMASVILLE 

Mathews, H. M. 
TIFTON 
Shepherd, J. L. 
VALDOSTA 

Savannah Section 
Jones, C. L. 

WEST POINT 
Heard, M. E. 


HAWAII, TERRI- 


TORY OF 


HICKAM FIELD 


Burns, B. H. 
Kimball, C. W. 


HONOLULU 


Bauman, W. H. 
Castle, S. N. 
Chun-Ming, W. 
Conger, H. L. 


Langston, E. R. 
A. J., Jr. 


Ramsay, W. A. 
Schenk, E. S. 
Smith, W. E. 
Taddiken, J. F. 
Terry, S. 
Walker, S. G. 
Wall, T. O. 
Wasson, J. W. 
Young, J. M. 


NAALEHU 
Hewlett, A. M. 
PEARL HARBOR 


Lawrence, W. 
Paraso, B. F. 


PUUNENE 
Walker, J. E. 
WAHIAWA 


Cordes, F. K. 
Wiggin, F. A. 


IDAHO 


BOISE 
Bacheller, A. W. 
FILER 
Inland Empire Section 
Wilson, R. S. 
GIFFORD 
Inland Empire Section 
Crowser, K. E. 
MOSCOW 
Inland Empire Section 


Gauss, H. F. 
Silha, H. W. 


PAUL 
Watson, F. B. 

PIERCE 
Walker, C. E. 


POCATELLO 


Gough, A. C. 
Thomas, W. E. 


PRIEST RIVER 
Inland Empire Section 
Kerns, R. G. 


RIRIE 
Smith, G. F. 
TWIN FALLS 


Lange, C. B. 
Stewart, R. S. 


ILLINOIS 


ALTON 
St, Louis Section 


Riopelle, C. P. 
Smith, ©. 0. 
Welhart, C. 


ARGO 
Chicago Section 
Hein, J. J. 
Radcliff, L. L. 
Swarr, J. N. 
AURORA 
Chicago Section 


Akerlow, K. ao Ww. 
Bachus, B. F. 
Banister, G. 


Kendall, M. A. 

Macintyre, M. 

Mitchell, W. G. 

Place, O. ’ 

Streit, C. T. 
BARRINGTON 
Chicago Section 


Stillman, G. 


BATAVIA 
Chicago Section 
Hoag, W. F. 


BELLEVILLE 
St. Louis Section 
Hempel, H. W. 
Reime, B. N. 
BENTON 
Wallace, G. W. 


BERWYN 
Chicago Section 


Harvey, J. H. 
Hofmann, R. T. 
Jahnke, R. H. 
Tarnowski, O. A. 


BLOOMINGTON 
Central Illinois Section 
Beich, W. A. 


BLUE ISLAND 
Chicago Section 
Edmunds, R. 


BRADLEY 
Chicago Section 
Moore, E. B. 


BROOKFIELD 
Chicago Section 
McEllhiney, W. A. 


BUTLER 
Tri-Cities Section 
Turner, C. P. 


CALUMET CITY 
Chicago Section 
Hall, R. B. 


CHANUTE FIELD 
Central Illinois Section 


Fingeroot, B. 
Finigan, J. 
Immele, L. B. 
Moses, W. G. 
Woolsey, W. S. 


te CHICAGO 
Chicago Section 


Abbott, W. L. 
Abelson, R. D. 
-)Ackerman, G. E. 
jackermann, F, A. 
jackley, R. A. 

) Adams, O. V. 

fi dams, E. E. 
Adams, R. J. 
‘)Ahlstromer, M. J., Jr. 
Albano, R. J. 

H ldag, Fe Jr. 
‘\Alden, V. E. 
hiker, F710: 
“Allen, H. A. 
Allport, H. 
‘Amstutz, J. B. 
[Anderso, E. A. 
‘Anderson, J. A. 
hee O. A. 
‘Ansel, H. R. 


Seta W. H. 
‘Attwood, J. G. 
‘Aurien, R. G. 


‘Avedovech, M. 
wAvery, W. M. 
: eae Rend. 
afaro, M. E. 
“Bailey, A. D. 
“Baldwin, N. A. 
“Banash, J. I. 
Barrett, R. D. 
‘Barriger, J. W., III 
“Barten, H. J. 
‘Bartlett, B. S. 
(Barton, A. R. 
(Bartusek, R. J. 
‘Baselt, W. H. 
“Bashen, G. B. 


*Beckwith, E. L. 

‘Behr, R. K. 
ell, W. K. 
emis, W. S. 
ennett, W. H. K. 

‘Benns, J. J. 

‘Benson, C. F. 

‘Bently, J. G. 

‘Bercaw, O. A. 

‘Bergman, D. J. 

(Bergmann, A. A. 

‘Berndt, P. 
Bos: FEO; 

iddison, P. McD. 

Bird, F. H. 

Bird, F. J. 
Wisshopp, K. E. 
‘Black, W. S. 
‘Bladen, A. McK. 
‘Blanchard, P. D. 

JBlume, LeR. O. 

‘Boardman, H. C. 

‘Bodine, J. H., Jr. 

‘Bodmer, E. E. 
-Boekelman, H. L. 
Boies, H. B 

\Bolz, W. J. 
‘Bonnell, J. R. 

“Born, W. G. 
Boyajian, J, A. 
‘Boynton, A. J. 
‘Bradley, J. A. 
Bretz, F. E., Jr. 
Brightly, F. C., Jr. 
Brizzolara, R. D. 
Brogan, J. E. 
Brooks, CO. C. 
Brooks, S. A. 

Brown, C. F., Jr. 
Brown, G. I. 
Brown, G. S. 
Brown, R. A. 

Bruce, A. D. 

_ Brunner, J. E. 
Bryan, R. G. 
Budd, R. 
Budenholzer, R. A. 

' Bullwinkel, H. H. 
Bunting, J. T.- 

- Burkhardt, J. B. 
‘Burlingame, J. H. 

Bush, A. O. 
Bussenius, W. 0. 

| Butterworth, J. G. 

| Campbell, F. D. 
Campbell, L. H., Jr. 
Carr, R. A. 

-Oarr, R. H. 
Carroll, H. C. 

b Carroll, J. B., Jr. 
Casson, E. H. 


Caughey, C. H. 
Chapman, EB, E. 


Clark; W. G. 
Clayton, = fad 
Clough, R. C. 
Clucas, G. W. 
Cobb, A. C. 
Cole, OC. B. 
Cole, K. W. 
Cole, S. I. 
Coleman, E. L. 
Coleman, P. L. 
Collier, J. H. 
Collins, D. M. 


Cookingham, Ss. H. 
Cooper, R. D 
Cooper, R. S. 
Cooper, W. B. 
Cornwell, D. R. L. 
Cotter, G. L. 
Cotterman, F. D. 
Cottrell, R. B., Sr. 
Couch, H. K. 
Cowie, A. 
Crafts, OC. S. 
Crane, E. J. 
Crapple, J. W. 
Crawford, G. E. 
Cronin, J. R. 
Cross, H. W. 
Cross, R. C. 
Crouse, E, R. 
Cubbidge, J. F. 
Culbertson, D. 
Cunningham, J. D. 
Cyrol, E. A. 
Dahl, P. G. 
Dale, P. I. 
Danson, J. O. 
Darling, K. M. 
Darnell, J. R. 
Darrah, Le A. 
Dauber, J 
Davidson, E. N. 
Davis, E. L. 
Davis, H. S. 
Davis, LeR. M. 
Davis, R. G. 
Davis, T. J. 
Deale, R. C. 
DeBoo, J. H. 
DeHoff, G. B. 
Dentler, A. E, 
Derrig, G. J. 
Detweiler, A. L. 
Dewey, W. V. 
DeWitt, E. J. 
DeWolf, T. N. 
Dietz, O. R. 
Dietzgen, J. E. 
DiPilla, E. 
Doerr, C. F. 
Doerr, N. E. 
Dohrenwend, ©. 0. 
Dolhun, L. N. 
Donnell, L. H. 
Dopp, fof A. 
Doré, A. J. 
Douglas, M. 
Downs, E. L. 
Dreffein, H. A. 
Dreffein, O. F. 
Drucker, D. C. 
Druhan, J. L. 
Drummond, W. OC. 
Druschitz, A. 
Duennes, F, C. 
Duffy, J. R. 
Dull, R. W. 
Dundas, W. A. 
Dunigan, E. B. 
Dunn, S. O. 
Durrant, O. W. 
Dutcher, J. E. 
Dutton, H. P. 
Earle, C. R. 
East, W. E. 
Eaton, W. 
Egloff, G. 
Ellison, L. M. 
Elmes, C. W. 
Elmzen, H. R. 
Emin, G. H. 
Emmons, G. C. 
Engel, C. R. 
Engler, W. G. 
Erickson, H. A. 
Erickson, R. F. 
Erickson, W. J. 
Evans, M. O. 
Evans, M. J. 
Evans, W. I. 
Evarts, R. E. 
Evers, L. A. 
Eves, I. G. C. 
Farnham, G. W. 
Faville, F. A. 
Ferguson, A. R. 


Ferguson, L. A., Jr. 


Field, W. T. 
Fielder, H. S. 
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Finch, 8. B. 
Finkl, C. W. 
Finnegan, J. B. 
Fischman, S. 0. 
Flesher, M. G. 
Flint, A. H. 
Flint, E. M. 
Floor, E. 
Florin, U. A. 
Fodor, N. 

Ford, J.. H. 
Fournier, J. A. 
Francis, J. S. 
Franzen, P. R. 
Freston, R. B. 
Frey, A. T. 
Fridstein, R. B. 
Fries, D. E. 
Froberg, H. G. 
Frost, W. G. 
Frye, C. F. 
Gabriel, A. F. 
Gaderlund, H. A, 
Gaffert, G. A. 
Galligan, J. E. 
Gallup, R. L. 
Garland, C. M. 
Gartz, W. J. 
Gayton, L. Del. 
Gazin, W. R. 
Gearon, G. 
Gehrig, E. J. 
Gerstung, H. O. 
Geuss, J. A. 
Gifford, R. L. 
Gilbert, Io Ru ore 
Gill, H. V. 
Goelz, A. H. 
Goglia, M. J. 
Goldberg, C. K, 
Goldberg, H. 
Goldsmith, O. 


Goto, L. H. 
Graham, W. M. 
Grant, R. M. 
Gray, W. E. 
Greenberg, J. H. 
Greenberg, M. 
Greenhill, H. 
Greenman, E. G. 
Grinter, L. E. 
Gronbach, J. H. 
Grossman, F. A. 
Grunert, A. E. 
Gunderson, L. O. 
Gutekunst, R. B. 
Haack, D. O. 
Habicht, F. H. 
Hadden, A. A. 
Hahn, H. P. 


Hamilton, D. B. 
Hammond, E. K. 
Hampton, F. W. 
Hanley, E. 
Hanneman, F, 
Hanneman, R. L. 
Harmer, R. L. 
Harmon, W. T. 


Harnsberger, A. E. 


Harper, J. H 
Harper, P. S. 
Harris, O. 0. 
Harris, W. E. 
Hart, J. M. 
Hart, J. S. 
Hartmann, W. J. 
. Harza, L. F. 
Hashagen, J. B. 
Hasse, F. C, 
Hattis, R. E. 
Hawkins, M. G. 
Haynes, H. 
Haynes, J. LeR. 
Heald, H. T. 
Heater, C. L. 
Hebberd, L. L. 
Heller, H. P 
Helmig, R. H. 


Hendrickson, G. S. 


Henriksen, P. F. 
Herbert, A. R. 
Hering, H. E. 
Hering, H. H. 
Herst, R. J. 
Heverly, E. L. 
Higginson, E. E. 
Hill, C. F. 
Hill, J. O., Jr. 
Hilstrom, H. R. 
Hinch, es Ne 
Hindle, Nees 
Hoban, C. O. 
Hodson, W. D. 
Hodson, W. H. 
Hoernes, H. H. 
Hoffman, R. R. 
Hoffmann, J. M. 
Hoge, F. H. 
Holland, OC. J. 
Holmes, J. A. 
Holmes, R. W. 


Hoppe, E., Jr. 
Hormell, D. OC, 
Horstmann, F. B. 
Hosford, W. F. 
Houk, W. E. 
Houser, A. M. 


Houston, A. J. R. 


Howarth, J. M. 
Howson, L. R. 
Hubbard, G. W. 
Hudson, W. 
Huff, N. M. 
Huffman, R. L. 
Hulson, J. W. 
Hunt, F. B. 
Hunter, F. J. 
Huntly, P. ©. 
Hurvitz, H. 
Hutchings, W. 
Ingles, J. S. 
Jakob, M. 
Janas, L. J. 
Janicek, J. J. 
Jasper, T. MeL, 
Jennings, D. O. 
Jens, A. H. 
Jensen, O. B. 
Jensen, J. O. 
Jensen, S. R. 
Jensen, W. 
Jetter, W. 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Johnson, 
Jones, D. 
Jones, J. 
Judson, R. “EL 
Jupa, E. C. 
Justus, J. E. 
Kane, E. J. 
Kanter, J. J. 
Kantor, J. 
Kaplan, L. G. 
Karlson, K. W. 
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Katerndahl, D. R. 


Katow, M. S. 
Keating, J. T. 
Keefer, K. B. 
Keenan, F. T. 
Kellogg, H. F. 
Kendall, N. R. 
Kennedy, R. E. 
Kezios, S. P. 
Kiclanes, O. E. 


Kimmlinger, Kon. 
C. 


Kirkby, N. 0. 
Kliment, W. P. 
Knoblock, K. D. 
Koenig, E. C. 
Kogan, Z. 
Kohnen, B. W. 
Kolflat, A. 
Kongelbeck, S. 
K. 


Korb, F. B. 
Kosciuch, E. K. 
Krahulec, F 
Krantz, LeR. J. 
Krause, R. 
Krehbiel, F. A. 
Krueger, G. A. 
Kucera, J. J., Jr. 
Kuehn, H. R. 
Kutaj, W. C. 
Kyburz, W. W. 
LaCrosse, E., Jr. 
Lake, C. W., Jr. 
Landow, E. W. 
Lane, F, H. 
Lane, W. T. 
Lang, L. F. 
Lange, J. O. 
Langsner, A. 
Langtry, W. D. 
Larocco, M. J. 
Larson, B. E. 
Larson, E. L. 
Lasker, F. A. 
Lasley, R. A. 
Lattan, J. E. 
Laughlin, G. C. 
Lavold, G. P. 
Lawitz, L. L. 
Lawler, F. P. 
Leach, V. G. 
LeBailly, A. R. 
LeBlond, ©. S. 
Lee, R. E. 
Leighton, A. J. 
Lempera, E. J. 
Lenone, J. M. 
Lenzen, R. J., Jr. 
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Leonard, A. G. 
Leuthesser, F, W., Jr. 
Levinger, D. 
Lewis, G. Q. 
Lewis, T. D. 
Licht, OC. M. 
Lichten, E. B. 
Lindkvist, G. A. 
Lindsley, A. M. 
Lockett, K. 
Loewe, P. L. 
Lofts, D 

Logan, F. D. 
Logan, G. H. 
Logus, A. T. 
Lotz, R. W. 
Lucas, J. W. 
Luney, F. S. 
Luzzatto, A. S. 
Lyon, D. R. 
Lype, E. F. 
Macalister, R. N. 
Mackintosh, D. 
Maertin, H. A., Jr. 
Magos, J. P. 
Maha, O. J. 
Majercik, A. S. 
Maki, E. E. 
Maniates, P. G. 
Marmont, E. L. 
Marsh, H. W. 
Marshall, J. ©. 
Marslek, E. J. 
Martin, G. H., Jr. 
Matchett, J. C. 


Mather, R. H. 
Mathewson, R. ©. 
Mathis, E. 
Mathis, H. F. 
Matter, A. J. 
May, E. A. 
Mayer, F. 


Mayer, Mrs. O. G. 
McAuley, B. F. 
McAuley, K. J. 
McCabe, I. E. 
McCallum, R. A. 
McCausland, J. W. 
McCoy, V. E. 
McCullough, W. T., Jr. 
McElroy, YR. K, 
McEwan, T. S. 
McGann, R. G. 
McIlvaine, R. L. 
McIntosh, D. O. 
McKay, W. KE. 
McKee, T. CO. 
McKeon, T. F. 
McMahon, J. B. 
MeNair, F. OC. 
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Marsh, ©. G. 
Menson, J. L. 
Sears, M. F. 
Siebert, V. W. 
Silverman, HUT. 
Small, M. H. 
Thomson, J. 
True, CO. H. 
Vana, J. J. 
Vevurka, W. E. 
Williams, A. 
Woynar, B. 
Zywiec, A. C. 


ELKHART 


St. Joseph Valley 
Section 


Bachman, W. A. 
Beers, O. E. 
Canfield, B. L. 
Compton, W. O. 
Greenleaf, L. B. 
Hunter, OC. F. 
Lehman, E, A. 
Lobley, F. A. 
Loomis, A. 
Newell, J. B. 
Waddington, L. E. 
White, W. McK., Jr. 


EVANSVILLE 


Bauer, C. A. 
Brust, G. A. 
Frankland, G. E. 
Garvey, R. P. 
Needy, J. A. 
Sarles, C. D. 
Shuart, A. C. 
Stone, H. L. 

Von Arb, E. J. 


FT. WAYNE 
Ft. Wayne Section 


Bernhardt, L. F. 
Buck, E 

Connor, W. H. 
Cooper, K. K. 
Dykhuizen, H. M. 
Ellis, H. A. 
Fankhauser, A. F. E. 
Frost, G. H. 
Gallatin, R. E. 


Mason, F. O. ; 
McInerney, F. T., Jr. 
Mounce, A. R. 


Schmidt, F. J. 
Sweet, W. L. 
Tannehill, V. L. 
Terry, I. A. 
Timms, H. L. 
Toone, J. A., Jr. 
Willsey, J. C. 
Zirkel, P. J. 
Zitke, E. J. 


FRANKFORT 


Central Indiana 
Section 


Brock, J. E. 
Faulkner, O. L. 


GARY 
Chicago Section 


Bailey, CO. A. 
Bills, M. E. 
Bruback, T. McL. 
Bublitz, ©. A., Jr. 
Burress, L 

Davis, F. E. 
Frush, D. W. 
Jenks, S. M. 
Johnson, P. E. 
Josephson, S. N. 
Landen, 8. 
Matthew, E. G. 
Miles, R. S. 

Orr, H. S. 

Peet, J. L. 
Schefe, F. K. 
Stentz, F. W. 
Thiel, W. A. 
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GREENFIELD 


Central Indiana 
Section 


Ruetschi, R. R. 


HAGERSTOWN 


Central Indiana 
Section 


Hunt, M. C. 
Marsh, H. B. 


Wimborough, . J. R. 


HAMMOND 
Chicago Section 


Birdsong, J. M. 
Brossart, J. A., Jr. 
Kramer, W. C 
Krejei, E. L. 
Rowell, L. J. 
Weisberger, A. A. 
Wilke, W. P. 
Witters, A. G. 


HARTFORD CITY 


Central Indiana 
Section 


Ashwood, L. F, 


HUNTINGBURG 
Louisville Section 
Retrum, R. 


INDIANA HARBOR 
Chicago Section 
Carner, F. 


INDIANAPOLIS 


Central Indiana 
Section 


Allen, R. L. 
Bechtold, M. E. 
Beier, K. A. 
Benson, A. A. 
Blackman, R. C. 
Bond, J. S. 
Booth, P. E. 
Bretzlaff, G. A. 
Brill, J. B. 
Bruney, R. ©. 
Bryant, J. M. 
Bushong, R. J. 
Coker, R. H. 
Collins, A. R. 
Crews, L. A. 
Cunning, J., Jr. 
David, J. K. 

De Haven, I. C., Jr. 
Dierdorf, OC. O. 
Erickson, R. 
Everett, C, T. 
Fowles, G. M. 
Gausmann, R. W. 
Godley, E. B. 
Grisbaum, L. D. 
Guernsey, O. O. 
Hanley, W. A. 
Hannewald, B. A. 
Hartley, H. D. 
Heine, G. H. 
Helm, P. F. 
Hines, G. E. 
Hofft, M. A. 
Holbrook, G. E. 
Jacklin, H. M. 
Jehle, F. 


Ker, A. W. 
Kline, C. LeR. 
Krannert, H. C. 
Lancaster, R. G. 
Langfitt, J. K. 
Lembcke, R. K. 
Liddle, S. W. 
Little, E. W., II 
Longacre, G. Ww. 
Maillard, A. L. 
McIntyre, J. K. 
McMahan, R. G. 
Morris, J. B. 
Mulford, S. F. 
Nichols, D. A. 
Nulsen, M. E. 
Oles, H. E 
Olson, M. L. 
Panczner, E. H. 
Patterson, T. H. 
Pearce, E. S. 
Pert, D. M. 
Randall, R. D. 


Roland, J. 


INDIANA 


Ross, E. R. 
Saunders, F. S. 
Sawchyn, S 
Schanz, J. L. 
Schmid, O. G. 
Schofield, R. C. 
Schonberg, H. E. 
Secor, W. L. 
Siegesmund, J. C. 
Simon, H. 
Skinner, J. C. 
Smith, B. D. 
Smith, G. K. 
Stampil, L. A. 
Taylor, W. M. 
Trainor, J. J. 
Tramontini, V. N. 
Updike, R. W. 
Vance, C. B. 
Van Meter, H. 
Voyles, R. M. 
Waddell, W. O. 
Wagner, R. E. 
Walker, R. S. 
Weaver, F. R. 
Weber, G. ©. 
Weiss, OC. R. 
Wrightman, S. A. 
Yeager, W. T. 
Zietlow, F. P. 


JEFFERSONVILLE 


Louisville Section 


Glass, J. E. 
Hughes, H. R. 
Rowell, J. K. 


KOKOMO 


Central Indiana 
Section 


Arnett, R. R. 
Fowler, G. L. 
Loman, J. K. 
Maguire, J. H. 
Young, W. J. 


LAFAYETTE 


Central Indiana 
Section 


(See also West 
Lafayette) 


Hockema, F. ©. 
Holowenko, A. R. 
Jones, J. B. 
Jones, Mrs. J. B. 
Lindley, R. W. 
McAllister, A. J. 
Morse, F. B. 
Mundel, M. E. 
Pigage, L. C. 
Rubenkoenig, H. 
Solberg, H. L. 
States, C. B 
Zmola, P. O. 


LA PORTE 


St. Joseph Valley 
Section 


Bradley, J. F., Jr. 

Hazen, D. S. 
LAWRENCEBURG 
Cincinnati Section 

Hardwick, J. B. 


LEBANON 


Central Indiana 
Section 


Ballman, H. C. 


LOGANSPORT 


Central Indiana 
Section 


Baker, T. A. 
Wolf, G. W., Jr. 


MADISON 


Central Indiana 
Section 


Sperry, C. E. 
MARION 


Ft. Wayne Section 
Liniger, R. B. 


INDIANA 


MICHIGAN CITY 


St. Joseph Valley 
Section 


Bailey, G. B. 
Burns, F. D. 
Davis, R. F. 
Pugsley, W. H. 
Sprague, P. T. 


MISHAWAKA 


St, Joseph Valley 
Section 


Dorfan, 'M. I. 
Fay, O. K. 
Firth, D. 

Fitch, R. O. 
Huber, G. J., Jr. 
Kingsbury, R. C. 
Kristl, F. R. 
May, D., Jr. 
MeNeile, G. R. 


MONROVIA 
Central Indiana 
Section 
Voorhees, G. A. 


NEW ALBANY 
Louisville Section 


Blackman, V. O, 
Renn, J. A. 


NEWCASTLE 


Central Indiana 
Section 


Phillips, P. H. 


NEW HAVEN 
Ft. Wayne Section 
Grunewald, R. L. 


NOBLESVILLE 


Central Indiana 
Section 


McLeish, D. R. 


NOTRE DAME 


St. Joseph Valley 
Section 


Wilcox, ©. C. 


PENDLETON 


Central Indiana 
Section 


Hamilton, J. C. 


RICHMOND 


Central Indiana 
Section 


Alter, H. A. 
Knowles, Miss J. B. 
Schafer, R. A. 
Schmeisser, W. J. 
Schrolucke, V. H. 


ROBY 
Chicago Section 
McCorkle, L. R. 


SOUTH BEND 


St. Joseph Valley 
Section 


Adams, ©. R. 
Anderson, V. A, 
Bryan, B. W. 
Chung, J. C.-S. 
Courtney, A. L. 
Edgell, A. B. 
Ely, G. W. 
Fitzpatrick, J. R. 
Goerky, ©. M. 
Killmer, H. P. 
MacLean, J. A. 
Peaslee, W. D. A. 
Sautter, R. U. 
Schnaible, A. P. 
Smith, LaR. 
Sparrow, S. W. 
Spicacci, A. R. 
Stromm, S. M. 
Wise, K. M. 


Zahn, 0. E. E. 

Zaleski, W. R. 
SOUTH WHITLEY 
Ft. Wayne Section 

Dival, L. A. 
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SPEED 
Louisville Section 
Hale, F. A. W. 


SPEEDWAY 


Central Indiana 
Section 


Bouchard, ©. L. 
Morse, D. P. 
Quackenbush, H. M. 


SPENCER 


Central Indiana 
Section 


Marshall, J. T. 


SYRACUSE 


St. Joseph Valley 
Section 


Slabaugh, J. E. 


TERRE HAUTE 


Central Indiana 
Section 


Brown, G. B. 
Collora, N, A. 
Dennis, R. E. 
Eckerman, E. H. 
Erickson, E. A. 
Mitchell, W. S. 
Pearce, B. L. 
Prentice, D. B. 
Wischmeyer, O. 


UNION CITY 


Central Indiana 
Section 


Mazurie, J. V. 


VALPARAISO 
Chicago Section 
Cushman, P, A. 


WARSAW 


St. Joseph Valley 
Section 


Armstrong, O. E. 


WEST LAFAYETTE 


Central Indiana 
Section 


(See also Lafayette) 


Ault, E. S. 
Azpell, E. W. 
Bergdolt, V. E. 
Binder, R. O. 
Boyer, R. L. 
Clark, D. S. 
Davis, E. J. 
Fairman, S. 
Geiger, J. W. 
Girvin, H. F. 
Greve, F. W. 
Hawkins, G. A. 
Ludy, L. V. 
Marek, C. T. 
Marsh, W. D. 
Messersmith, ©. W. 
Olsen, R. A. 
Potter, A. A. 
Reiley, T. D. 
Spalding, A. R. 
Sturm, R. G. 
Warner, O. F. 


WHITING 
Chicago Section 


Adams, C. S, 
Boris, W. E. 
Carter, K. L. 
Fulton, M. 0. 
Gasvoda, R. F. 
Lindquist, W. E. 
Milbrook, A. T. 
Nebelsiek, H. J. 
Robert, J. 
Schaffer, L. E. 
Sheehan, T. V. 
Stover, H. R. 
Vickers, R. S. 


IOWA 


ADEL 
Des Moines Section 
Ogg, D. C. 


AMES 
Des Moines Section 
Arm, D. L. 
Black, H. M. 
Breckenridge, R. W. 


Cleghorn, M. P. 
Mason, H. L. 


Roudebush, R. E. 
Stoever, H. J. 
BOONE 
Des Moines Section 
Wallace, J. A. 


BURLINGTON 
Tri-Cities Section 
Fellinger, R. O. 


CEDAR RAPIDS 
Tri-Cities Section 
Allen, J. W. 
Drabelle, J. M. 
Fitzgerald, M. J. 
Gates, W. G. 
Hyler, L. LeR. 
Oppenheimer, E. A. 
Pollitz, H. ©. 
Pyle, R. S. 
Ramson, J. R., Jr. 
CHARLES CITY 
Des Moines Section 
Butler, R. B. 
Walters, H. R. 
CLINTON 
Tri-Cities Section 
Johnson, A. I. 
Shearer, J. L. 
DAVENPORT 
Tri-Cities Section 


Anderson, C. C. 
Bovee, J. L., Jr. 
Grosskopf, LaV. R. 
Jensen, J. W. 
Peterson, AN OL 
Petrik, J. F. 
Throckmorton, E. H. 
Todd, P. 
Wane. 7, L. 
Wilson, H. P. 

DES MOINES 


Des Moines Section 


McLaughlin, J. F. 
Pietsch, E. H. 
De WITT 
Tri-Cities Section 
Shuh, L. M. 


DUBUQUE 
Tri-Cities Section 
MacNeille, M. B. 


FAIRFAX 
Des Moines Section 
Petrik, G. L. 


IOWA CITY 
Tri-Cities Section 


Barnes, R, M. 
Croft, H. O. 
Dunn, C. H. 
Kippenhan, OC. J. 
Lundquist, E. O. 
Russ, J. M. 
Trummel, J. M. 


KEOKUK 
Nelson, L. R. 


MARSHALLTOWN 
Des Moines Section 


Engel, R. A. 
King, O. F. 
Zeigler, R. W. 


MASON CITY 
Des Moines Section 


Field, E. J. 
Maytham, W. J. 
Mikovec, J. S. 


MT, VERNON 
Tri-Cities Section 
Rich, B. P. 
MUSCATINE 
Tri-Cities Section 


Schmarje, C. PF. 
Stanley, OC. M. 


NEWTON 
Des Moines Section 


Cochran, J. R. 
Symons, J. J. 


OELWEIN 
Des Moines Section 
Alvung, R. 


OTTUMWA 
Des TE Section 


Hill, G. 
Bickacds. R. Cc. 


PERRY 
Des Moines Section 
Cowan, F. 


ROCKWELL CITY 
Des Moines Section 
Frick, M. S. 


SIOUX CENTER 
Eppink, H. J. 


SIOUX CITY 


Neal, G. A. 
Peterson, R. N. 


SPENCER 
Champion, N. M. 


WATERLOO 
Des Moines Section 


Campbell, H. E. 
Hansen, M. 
Mitchell, J. F. 


KANSAS 


ATCHISON 
Kansas City Section 
Taylor, G. W. 


AUGUSTA 
Mid-Continent Section 


Bates, H. C. 
DeFoe, J. O. 


CAMP PHILLIPS 


Cohen, R 
Golden, G. E. 


CLIFTON 
Kansas City Section 
Casper, H. W. 

DODGE CITY 

Lynn, R. H. 

DUNLAP 
Kansas City Section 
Gore, L. A. 

EMPORIA 


Kansas City Section 


Ashby, T. F. 
White, F. E. 
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ENTERPRISE 
Kansas City Section 
Skillman, E. 
EUREKA 


Mid-Continent Section 


Nixon, J. A. 


FT, LEAVENWORTH 


Kansas City Section 


Crossley, W. C. 
Jefferds, J. C., Jr. 
Lourie, G. E. 
Roose, R. W. 
Webb, F. K., Jr. 


FREDONIA 
Frusher, W. A. 


GARDEN CITY 
Dodds, W. C. 


GREAT BEND 


Kilby, H. S. 
Mock, L. K. 


HUTCHINSON 


Arbuckle, T. E., Jr. 
Scanland, B. 
Wilson, W. H. 


IRVING 
Protiva, A. W. 


KANSAS CITY 
Kansas City Section 


Applegate, F. R. 
Boyd, J. W. 
Briggs, C. B., Jr. 
Brooks, L. S. 
Browne, L. W. 
Childers, H. F. 
Ciba, J. L. 
Darby, H. 

Hahn, R. P. 
Honza, D. W. 
Manuel, H. E. 
Mart, L. T. 
Russell, R. A. 
Schindler, L. W. 
Smith, J. E. 


LAWRENCE 
Kansas City Section 


Brown, F. L. 
Gray, E. S. 
Hay, E. D. 
Hicks, M. L. 
Potter, P. J. 


. Sneegas, E. CO. 


Tait, R. S. 


LEAVENWORTH 
Kansas City Section 
Stone, J. R. 


MANHATTAN 


Blevins, D. J. 
Brainard, B. B. 
Durland, M. A. 
Flinner, A. O. 
Helander, L. 
Mack, A, J. 
Pattison, F. 
Pearce, O. E. 
Pickett, G 
Ridenour, J. O. 
Robert, J. H. 
Seaton, R. A. 
Tripp, W. 


OTTAWA 


Kansas City Section 
Ransom, W. G. 


PARSONS 
Mid-Continent Section 
Tomlinson, C. S. 


PITTSBURG 


Holzer, H. A. 
Marschallinger, F, L. 
MeNally, T. 
Summers, J. H. E. 
Thomas, ©. Y. 


PRATT 
Mid-Continent Section 
Ashby, O. C., Jr. 


PRINCETON 
Kansas City Section 
Martin, D. E. 


SALINA 
Kansas City Section 
Brehm, W. W. 
Steinfeldt, W. M. 
Sulliger, A. H. 
TOPEKA 
Kansas City Section 


Bohnstengel, W. 
Fertig, J. L. 
Riedel, R. J. 
Sulentic, S. A. 
WICHITA 
Kansas City Section 


Burns, J. J., Jr. 
Falk, M. L. 


Henderson, O. L. 
Hicks, E. ab 
McClelland, J. E. 
Midgley, J. McM. 
Mills, E, B. 
Morrison, L. A. 
Mosbacher, B. H. 
Murray, W. A. 
Pearson, C.-R. 
St. John, E. D. 
Salter, T. 

Stoner, J. H. 
Sutton, F. M. 


KENTUCKY 


ALEXANDRIA 
Cincinnati Section 
Duban, A. J. 


ASHLAND 


Gray, R. L. 
Jenney, R. H. 
Parker, S. S. 
Ringwald, E. A. 
Van Gilst, P. ©. 


BARDSTOWN 
Louisville Section 
Samuels, T. W. 


BOWLING GREEN 
Anderson, M. M. 


COVINGTON 
Cincinnati Section 
Kennedy, W. C. 
Smith, H. A. 
Smith, H. W. = 
DAYTON 
Cincinnati Section 


Schwebel, E. O. 


EARLINGTON 
Louisville Section 
Land, G. W. 


FT. KNOX 
Louisville Section 


Blake, J. P. 
Callahan, W. J. 
Jacobson, R. F. 
Meiselman, S., 
Posse, E. W. 
Ryan, B. E. 
Salimbene, R. C. 


HARRODSBURG 


Louisville Section 


Close, R. G., Jr. 
Jones, S. B. 


HENDERSON 
McLain, W. R. 


LEXINGTON 
Louisville Section 


Hawkins, R. D. 
Irish, S. B. 
Jett, O. C. 
O’Bannon, L. S. 
Walton, S. B. 
Wilson, CO. R. 


LOUISVILLE 
Louisville Section 


Arnold, R. M. 
Baker, O. LeR. 
Benton, E. D. 
Bill, C. E. 

Birn, S. A. 

Capstack, E. J. 
Churchill, L. S. 


Hambleton, W. VanM. 
Heuser, H. V. 
Horlander, L. A., Jr. 
Hunt, F, 
Hurst, J. F. 
Jackson, L. R. 
Johnson, J. A. 
Krause, O. C., Jr. 
Lind, J. E. 
Lomax, B., Jr. 
Lucas, W. F. 
Marshall, E. S. 
Mattimore, J. D. 
Metz, O. L. 
Meyer, J. K. 
Murphy, H. C. 
Myatt, D. J. 
Oreskovich, P. J. 
Preising, W. J. 
Roberts, OC. L. 
Rosenbaum, A. G. 
Sack, 

Sawyer, ‘oO. E. 
Scheidt, K. H., Jr. 
Shannon, F. P. 
Simpson, W. M. 
Skonberg, E. A. 
Speed, W. S. 
Tetzel, F. B. 
Trosper, R. S. 
Vance, L. S. 
Waage, J. L. 
Welsh, E. J. 
Wener, N. L. 
Wilkinson, F. L., Jr. 
Witherspoon, D. L 
Worth, E. B. 
Wuest, W. D. 


LUDLOW 
Cincinnati Section 
Pfahler, R. D. 


OWENSBORO 


Patitz, G. N. 
Smith, E. 


PADUCAH 


DeSpain, T. H. 
White, W. R. 


PEWEE VALLEY 

Louisville Section 
Cook; .B: +E, 0 1Ir: 

WILLIAMSBURG 
East Tennessee Section 
Hains, C. F. 


LOUISIANA 


ALEXANDRIA 
New Orleans Section 


Goldberg, J. N. 
Lemoine, 8. J., Jr. 


ALGIERS 
New Orleans Section 
Milan, D. A. 
ARABI 
New Orleans Section 
Beenel, P. A., Jr. 
BATON ROUGE 
New Orleans Section 


Bracken, V. P. 
Broussard, J. A. 
Carroll, F. T., Jr. 
Chambers, J. W. 
Clark, F. G. 
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Hoskins, % it, Jr. 
Hoyt, O. 

Johnson, i 

Kerr, E. W. 
Lassalle, L. J. 

Le Blane, J. A., Jr. 
Lueas, J. L. 
Matherne, R. A. 
Matthes, G. F, 
Pugsley, O. S., Jr. 
Roberts, G. S. 
Robertson, R. J. 
Waterfall, H. W. 
Whipple, W. 
Whitaker, W. A. 
Winslow, W. H., Jr. 


BOGALUSA 
New Orleans Section 


Cowan, E. L 
Pierce, B. B. 


CAMP CLAIBORNE 
Keith, B. G. 
Sheehan, E. F. 

CAMP POLK 


Drewry, I. O. 
Phillips, A. A. 


CHALMETTE 
New Orleans Section 
Clark, F. H. 


ELIZABETH 
New Orleans Section 
Glasgow, O. L. 


GRAMERCY 
New Orleans Section 
Gross, M. F. 


GRETNA 
New Orleans Section 
Paterson, A. B., Jr. 


HOUMA 
New Orleans Section 
Larsh, W. E. 


LAFAYETTE 
New Orleans Section 
Henke, W. 
Hughes, G. G. 
LAKE CHARLES 
New Orleans Section 


Calongne, R. J. 
Chalkley, H. G. 
Fulton, G. R. 

Givens, J. I. 

Lamb, H. M. 

Stokes, O. W. 

Whyte, O. B. 

LAKE PROVIDENCE 
Mid-Continent Section 


Hider, G. T. 


MADISONVILLE 
New Orleans Section 
Irwin, D. B. 


MARRERO 
New Orleans Section 
Aldinger, H. K. 


MONROE 
Mid-Continent Section 


James, H. M. 
Kroll, J. 

Parsons, L. D., Jr. 
Ricks, J. L. 
Wilenzick, B. 


MORGAN CITY 
New Orleans Section 


Gray, H. 
Harlan, J. H. 


NEW ORLEANS 
New Orleans Section 


Abrahm, M. O. 
Barbarlich, R. P. 


Brown, H. I. 
Brupbacker, B. S., Jr. 
Bunker, W. B. 
Cardwell, F. D. 
Carito, W. A. 
Chattey, J. K. 
Coleman, H. F. 
Colomb, C. F. 
Consiglio, J. T. 
Crawford, C. C. 
Cucullu, L. J. 
DeSimone, L. P. 
Diefenthal, S. M. 
Dublan, S. R. 

Du Pre, F. A. 
Earl, R. 

Gleeson, M. J. 
Goller, J. R., Jr. 
Grant, A. A. 
Green, OC. H. 
Hadden, C. F. 
Hammett, G. R. 
Hill, A. M. 

Hill, G. W. 
Hoots, P. F. 
Huey, J. S. 
Hultan, K. A. 
Jahncke, P. F. 
Johnson, W. 
Johnston, W. H. 
Kammer, K. P. 
Kiernan, B. L., Jr. 
Kramer, S. F. 
Lais, I. M. 

Lane, O. W. 
LeBlanc, J. H., Jr. 
Lee, H. C. 
Lockett, R. P. 
Lockett, R. P., Jr. 
Luehrmann, H. 
Mann, I. W., Jr. 
Marion, F. I. 
Mayer, J. K. 
McAfee, H. C. 
McLellan, 
Meade, H. E. 
Mendow, F. R. 
Mercier, J. P. 
Mitchell, R. F. 
Moodie, D 
Moody, H. N. 
Morehiser, J. E., Jr. 
Moreland, W. B. 
Muller, R. F. 
Murphy, E. L. 
Nairne, ©. L. 
Nall, R. L, 
Nelson, B.S: 
Nelson, L. K. 
Nelson, W. S. 
Norton, C. P. 
Paterson, A. B. 
Pender, W. R. 
Perine, R. R., Jr. 
Perrin, F. 
Peterson, A. J. 
Pottharst, J. E., Jr. 
Purdum, W. 0. 


Salathe, L. W. 
Saunders, W. H., Jr. 
Schmitt, G. H., Jr. 


Schupp, R. W 
Seago, R. 
Smith, S. G 


Stancliff, A. D. 
Stewart, D. W. 
Todd, J. M. 

Voelkel, H. W. 


Watson, M. P. 
Winship, Ww. EL. 
Wyler, O. J. 

NORTH BATON 

ROUGE 

New Orleans Section 
Duff, R. B. 
Grosz, M. H. 

Gulick, W. O. 
PLAQUEMINE 
New Orleans Section 

Nadler, R. A. 


PORT SULPHUR 
New Orleans Section 


Blackstone, F. B. 
Randle, W. A. 
Shaw, J. E., Jr. 


RUSTON 
Mid-Continent Section 
Bogard, B. T. 

SHREVEPORT 
Mid-Continent Section 


Blanchard, A. G. 
Breffeilh, G. A. 
Carmichael, J. T. 
DeLaune, H. L. 
Heller, M. M. 
McLean, H. D. 
Stewart, M. G. 


STERLINGTON 
Mid-Continent Section 


Boardman, O. O. 
Phillips, R. L. 


SULPHUR 
New Orleans Section 
Ricketts, R. 
THIBODAUX 
New Orleans Section 
Toups, H. S., Jr. 


MAINE 


AUBURN 
Bates, T. M. 
AUGUSTA 


Ham, M. T. 
Hopkins, C. L. 


BANGOR 
Dixon, L. S. 
BATH 


Fulton, C. K. 
Newell, W. S. 


BELFAST 
Mortimer, J. D. 


BROWNVILLE 


Laverty, H. H. 
Stickney, W. H. 


BUCKSPORT 
Bearce, G. D. 
CAPE COTTAGE 
Tarashik, N. 
CHEBEAQUE 
ISLAND 
Collins, B. R. T. 
CUMBERLAND 
MILLS 
Gilman, R. E, 
Terry, K, E. 


FRYEBURG 
Kroner, E. F. 


KITTERY POINT 
Prescott, R. W. 


LEWISTON 
Libbey, W. S. 


LISBON FALLS 
Stephenson, W. K. 


MADAWASKA 
Overbagh, J. S. 


OLD ORCHARD 
BEACH 
Campbell, T. J. 


ORONO 


Prageman, I. H. 
Watson, H. D. 


PORTLAND 


Adams, O. E., Jr. 
Anderson, R. O. 
Bell, W. O. 
Chute, R. E. 
Crosby, R. W. 
Merrill, O. J. 
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ROCKLAND 
Thompson, G. L. 
RUMFORD 


Ahara, E. V. 
Stearns, W. J. 


SACO 
Smith, H. L. 


ST, ALBANS 
Thorne, R. B. 


SOUTH PORTLAND 
Elliott, N. R. 


STRONG 
Starbird, ©. V. 


WATERVILLE 
Redden, ©. A. 


MARYLAND 


ABERDEEN 
Baltimore Section 


Spang, J. B. 
Weiss, H. K. 
Wirsing, C. E. 


ABERDEEN PROV- 
ING GROUND 


Baltimore Section 


Apgar, J. W. 
Bluestone, E. 
Brandt, A. E. 


Cottrell, R. Ark Jr. 
Debski, T. F. 
Fagin, S. 
Fischbach, J. W. 
Gerhard, S. 
Goldstein, D. L. 


McAllister, W. J. 
MeNeilly, V. H 
Moore, L. S 
Nelson, L. S. 
Parker, L. L. 


Stoeckinger, R. F. 
Walden, W. R. 
Werner, H. B. 
Woods, S. H. 


ANNAPOLIS 
Baltimore Section 
Bacon, R, A. 


Bock, A. E. 
Breeden, G. B. 
Ferguson, C. K. 
Gerstung, H. S. 
Hebrank, E. F. 
Flobbs, E. E. 
Johnson, S. E., Jr. 
Johnson, T. 
Johnson, T. W., Jr. 
Johnston, R. M. 


Seelaus, J. J. 
Senner, A. H. 
Smith, H. T. 
Welanetz, L. F. 
West, J. P. 
Yocum, W. F. 


BAINBRIDGE 
Baltimore Section 


Heymann, OC. D. 
Ryan, J. M. 
Smith, R. I. 


BALTIMORE 
Baltimore Section 
(See also Middle River) 


Abbott, H. P. 
Akerman, N. 
Allgaier, J. M. 
Andrews, OC. A. 
Austin, W. 8S. 


MARYLAND 


Baker, J. R. 
Baker, S. V. 
Balavitch, J. M. 


Birckhead, L. 
Biack, W. S. 
Bohnlofink, J. 
Bolgiano, G. F. 
Bolin, M. E. 


Brilhart, G. te 
Brillhart, S. E. 
Bullock, J. B. 
Bunker, W. W. 
Bunn, E. S. 
Burggraf, J. O. 
Burrill, H. G. 
Carlsrud, R. 


_ Carter, L. E. 


Cassidy, H. W. D. 
Chambers, E. G. 
Chatard, W. M. 
Chinn, G. I. 
Christie, A. G. 
Churchman, H. N. 
Collier, W. I. 
Colpitts, J. V. 
Conn, T. D. 
Cromwell, O. O. 
Cullen, T. J. 
Cutler, J. B. 
Dalrymple, A. W. 
Dankenbring, H. D. 
Dannettel, R. C. 


Dawe, W. L., 
DeCesare, R. Ag 
Delano, R. P., Jr. 
Dennis, B. W. 
Deringer, B. W., Jr. 
Derrickson, G. W. 
Dischinger, H. R. 
Duncan, J. R. 
Dupont, A. T. 
Eberhart, J. M. 
Eckberg, Ht. E: 


Egli, H. 
Einwaechter, F. H., Jr. 
Engel, F. C. 
Ergler, P. C. 
Fambro, G. W. 
Frankena, A. 
Galloway, A. K. 
Gardner, L. H. 
Gliss, G. E. 

Goller, G. N. 
Gompf, A. M. 
Green, R 

Gregory, R. 's. 
Hanhart, BE. H. 
Harding, R. A., Jr. 
Harris, G. S. 
Hartman, L. R. 
Hassett, R. J. 
Hawkins, E. C. 
Hazlett, W. A. 
Healy, a. F. 
Herbert, L. E. 
Hertenstein, E. W., Jr. 
Higgins, N. B. 
Hildenbrand, O. F. 
Hilprecht, R. C., Jr. 
Hine, R. 
Hofstetter, "EL T. O. 
Hollerith, H., Jr. 
Hooper, W 
Horlebein, E. “Ww. 
Howard, J. E. 
Hughes, R. LeR., Jr. 
Hyde, H. W. 

Ives, A. H., Jr. 
Jeffers, F. J. 
Jesatko, J. M. 
Keen, G. W. 
Keppelman, H. S. 
Knauss, G. E. 
Knoedler, E, L., Jr. 
Koellish, W. M. 
Kohut, F. J. 
Kouwenhoven, F. W. 
Lane, 

Lanham, C. “W., Jr. 
LeGates, F. E. 
Leilich, F. T. 
Lubbert, G. L. 
Ludlum, W. J. 
Macaluso, F. L. 
Madey, E. 
Mahaffy, H. M. 
Malakoff, N. H. 
Malone, J. F. 
Matlat, G. W. 
McDaniel, W. N. 
McLane, R. M. 
Merriam, C. F. 
Merrick, O. M., III 
Meyer, ©. W. 


MARYLAND 


Michetti, A. L. 
Miller, E. E. 
Morton, A. W. 
Mousson, J. M., 2nd 
Myers, J. B. 
Naylor, H. A., Jr. 
Nelson, N. T. 
Nitka, W. A. 
Nitze, C. V. 
Nopper, R. E. 
Olver, F. M. 
Packham, E. T. 
Passano, W. M. 
Paugh, C, T. 

Peale, W. O. 
Penniman, AAG. St: 
Perkins, W. F. 
Petruccione, A. F. 
Phelan, J. J., Jr. 
Phillips, M. E., Jr. 
Porter, J. H. 
Posey, J. 

Potter, J. H. 
Powell, P. R. 
Powell, S. T. 
Proctor, W. E. 
Quarles, F. W. 
Quintilian, B. F. 
Rabert, A. P. 
Rach, J. L. W. 
Robertson, S. F. 
Roy, R. H. 

Ruzga, J. A. 

Ryan, E, J. 
Schlitt, J. L. 
Schluderberg, C. 0. 
Schmeisser, E. G. 
Schneider, R. F. 


Shecanee ‘A. F. 
Shure, W. H. N. 
Slater, C. A., Jr. 
Smith, L. G. 
Smith, W. G. 
Snyder, S. M., Jr. 
Spamer, A. M. 
Spear, A. I. 
Steiner, K. 
Stevens, W. R. 
Stone, A. R. 
Straus, W. R. 
Taylor, A. W. 
Taylor, R. M. 
Temple, E. A. 
Thomas, R. L. 
Trefethen, L. S. 
Vaughn, E. W. 
Vodvarka, F. J. 
Wager, R. O. 
Wagner, D. E. 
Wagner, H. ©., Jr. 
Wagner, R. ip 
Wannall, G. L. 
Warfield, Hye, dr: 


Weitzel, W. F. 
Wells, H. 8., Jr. 
Wells, R. O. 


Whitaker, C. H. 
Whitman, E. B. 
Whitsitt, W. B. 
Willis, ears 
Wilmer, J. W. 
Wilson, E. P. 
Wolfe, T. R., III 
Woodburn, J. 
Woodruff, De F. D. 
Woodward, H. W. 
Worthington, J. A. 
Wright, P. K. 
Yellott, J. I, 
Young, J. W. 
Zimmerman, R. E. 
Zink, J. H. 

Zouck, G. H. 


BEL AIR 
Baltimore Section 
Addicks, L. 
Josephs, J. P. 
BERWYN 


Washington, D. C0. 
Section 


Hartman, J. A. 


BETHESDA 


Washington, D. C, 
Section 
Allen, W. G. 
Cottrell, N. 


Fitzsimmons, A. M. R. 


Lathrop, R. P. 


CAMBRIDGE 
Whitham, J. M. 


CAMP RITCHIE 
Chaharyn, O. D. 


AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


CARDE ROCK 


Washington, D. C. 
Section 


Herrmann, E. M. 


CATONSVILLE 
Baltimore Section 


Andrews, J. T., Jr. 
Berman, R. 

Elder, J. D. 

Lund, C. R., Jr. 
Wolfe, R. F. 


CEDARHURST 
Baltimore Section 


Rudell, W. 
Libman, F. H. 


CHESTERTOWN 
Owens, O. T. 


CHEVY CHASE 


Washington, D. C. 
Section 


Bieber, V. E. 
Hawks, A. S. 
Hopkins, J. D., Jr. 
Wilson, L. G. 


COLLEGE PARK 


Washington, D. C. 
Section 


Green, W. P. 
Hayleck, OC. R., Jr. 
lloshall, H. B. 
Jackson, J. W. 
Rivello, R. M. 
Shreeve, C. A., Jr. 
Younger, J. E. 


CONOWINGO 
Baltimore Section 
Lefever, P. M. 
Turner, R. E. 
CUMBERLAND 


Alexander, R. I. 
Braccia, A. A. 
Breidenstein, L. W. 
Lyons, B. J. 
McKaig, W. W. 
Mitchell, J. G. 
Pliner, N. S. 
Plunkett, B. 
Reddy, D 
Rowley, A. W. 
Wherritt, O. R. 


EDGEWOOD 
Baltimore Section 
Huss, H. 0. 
Perry, A. E., Jr. 
ELKTON 
King, S. L., Jr. 
Thomson, F. duP. 
ELLICOTT CITY 
Baltimore Section 
Funke, R. H., Jr. 


FEDERALSBURG 
Owens, H. M. 


FT, GEORGE G, 
MEADE 


Ashmead, R. R. 
Eitel, W. W., Jr. 
Fischer, R. J. 
Kalmbach, ©. F. 
Youtie, R. K. 


FREDERICK 
James, D, T. 


HAGERSTOWN 


Gordon, E. 

Lindner, B. A. 
Triplett, J. L. 
Vedder, W. O. 
Watkins, C. A. 


HAVRE DE GRACE 


Baltimore Section 


Doukas, G. 
Montgomery, C. D. 
Williams, D. R. 


HYATTSVILLE 


Washington, D. C. 
os 


Banks, T. 
McFarland, i D., Jr. 


HYDES 
Baltimore Section 
Hendrickson, O. Q. 


KENSINGTON 


Washington, D. C, 
Section 


Stresau, R. H. F., Jr. 


LANHAM 


Washington, D. OC. 
Section 


Carlsson, C. A. V. 
Lanham, P. T. 


MANCHESTER 
Baltimore Section 
Jones, O. W. 


MIDDLE RIVER 
Baltimore Section 
(See also Baltimore) 


Espy, M. P. 
Gaebler, G. F. 
Greenwood, O. W. 
Hook, G. R. 
Hopping, R. L. 
Loughney, O. E., Jr. 
Maynard, W. G. 
Penney, R. W. 
Schaidt, L., Jr. 
Woersching, T. B. 
PATUXENT RIVER 
Baltimore Section 


Brown, O. B., Jr. 
Smith, F. T. 
Stuber, B. V. 
Switack, J. W. 
Wallis, H. L. 


POOLESVILLE 


Washington, D. C. 
Section 


Pole, L. A. 
REISTERSTOWN 
Baltimore Section 

Munsell, D. D. 


RELAY 
Baltimore Section 


Goelkel, W. L. W. 
Wheeler, R. O. 


RIVERDALE 


Washington, D. C, 
Section 


Krafit, J. M. 
Lomonossoff, B. M. 
Samburoff. S. N. 
Weick, F. E. 


ROCK HALL 
Hatch, CO. H. 


ROCKVILLE 


Washington, D, CO, 
Section 


Bralove, W., Jr. 


SALISBURY 
Bodmer, J. E. 


SILVER SPRING 


Washington, D, C, 
Section 


Falk, G. E. 
Hoagland, J. C. 
Kessinger, J. A. 
SOLOMONS 
Braunschneider, F. J. 


SPARROWS POINT 
Baltimore Section 


Anderson, R. C. 
Cichelli, A. E. 
Clarke, O. E. 
Coffin, L. F. 


Cox, F. 0., Jr. 
Davis, E. C. 
Donovan, D. E. 
Fox, W. J. 
Good, S. 

Hill, W. P. 
Knabe, F. S. 
Knust, H. R. 


TAKOMA PARK 


Washington, D, C, 
Section 


Fisher, E. D. 
Sturm, G. W. 


TOWSON 
Baltimore Section 
Bartholomaei, H. A. 


Middleman, D. 


WESTMINSTER 
Baltimore Section 
Hausman, S. 
WHITE OAK 
Baltimore Section 
Zimmerman, F. L. 


MASSACHUSETTS 


ANDOVER 
Boston Section 
French, E. V. 


ASHLAND 
Boston Section 
Campbell, J. R. 
Saurwein, G. K. 
ATHOL 
Worcester Section 


Butler, H. M. 
Horigan, J. H. 
MacKay, S. 
Simpson, R. J. 0. 
Wise, R. T. 


ATTLEBORO 


Providence Section 


Cole, R. W. 

Cutler, A. E. 

Graham, F. C. 

Mossberg, F 

Olson, R. V. 

Phillips, H. S. 
AUBURNDALE 
Boston Section 


Parker, F. A. 


AVON 
Boston Section 
Berwick, J. D. 


BABSON PARK 
Boston Section 
Newton, R. O. 


BASS RIVER 
Boston Section 
Davis, O. H. 


BELMONT 
Boston Section 


Bragaw, C. G., Jr. 
Flanagan, J. H. 
Moultrop, I. E. 
Vaughan, J. F. 


BEVERLY 
Boston Section 


Abel, W. 
Bee “HL W. 
Brand, R. S. 
Cross, G. P. S. 
Eastman, F, O. 
Houghton, W. M. 
Ireland, R. W. 
Linderoth, L. S., Jr. 
Severy, L. A. 
Smith, J. F. D. 
Talbourdet, G. J. 
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BOSTON Henderson, F. R. 
Henrikson, W. 

Boston Section Hoagland, J. E. 
Hobbs, F. W. 


Alexander, W. T. 
Allen, E. F. 
Ames, J. B. 
Andrews, B. R. 
Archibald, F. L. 
Atkinson, K. 
Baggs, A. E., Jr. 
Bailey, Miss E. H. 


Hodara, R. L. 
Holdcraft, J. W. 
Hollis, O. N. 
Honecker, N. O. 
Hopkins, W. E. 
Houghton, H. S. 
Hudson, R. M. 


i Hunt, W. F. 
Baller wee Hunter, 0. J. 
Baird, H. B. Hunter, J. A. 
Bance, E. S. Hyland, W. L. 
Barry, E. H. Jahnke, N. W. 
Bayliss, W. A. Jewett, F. B. 
Beake, L. Kane, A. B. 
Beaven, H. E. oe ‘S iS 
Beckwith, W. Kibo . WwW. 
Beede, E. B. ilbourne, H. G. 
Bennett, O. W. Kirkpatrick, A. 
Benoit, A. W. ees ss 
Bentley, O. D. H eee os \ 
Berry, F. E., Jr. x otz, H. J. 
Bessom, R. H. ramer, L. J. 
STP ere W. G. Kraus, B. F. 
Bills, f LaCrosse, E. 
ea Ww. Lang, H. CO. 
Blair, E. L. Lange, F. F. 
Bogue, J. C. LeBeau, G. B. 
Baleunecy, A. W. Dewi, fv: 
Borovoy € , 8. 
Bringhurst, G. K. Libby, R. H. 
Brinley, C. C Linnell, C. W. 
Brown, A. L Little, D. H. 
Brown, H. J Lynch, J. E., Jr. 
Brown, L. W. MacDonald, K. W. 
Brownlie, W. N. Maglathlin, S. A. 
Bryan, E. W. Mallory, B. C. 
Bryan, M. K. Marsh, A. B. 
Buddine, N. T. ales a J 
Booan tae. McFarland, R. W. 


McLauthlin, M. B. 


yee USE McNamara, R. A. 


Calhoun, J. N. 


Campbell, R. P Miller, C. M. 
Cargill, W. N. Miller, O. T. 
Carhart, F. M. Minges, J. V. 
Carter, R. J. Misner, D. M. 
Carty, M. W. Mitchell, N. McD. 
Chafee, J. S. Moberg, E. S. 
Chambers, W. H. Moon, R. F. 
Chao, E Moran, J. J. 
Chave, C. T. Moreland, E. L. 
Cherniak, Gs. Morrison, B. W., Jr. 
Clark, F. S. Morse, R. L. 
Clark, H. L., Jr. Muller, R. A. 
Cohen, A. S. Nelson, A. L. 
Coifman, L. G. Nickerson, J. W. 
Collins, J. A. Norris, E. W. 
Crowe, G. F. Nourse, C. L. 
Cuozzo, D. Oakes, W. H. 
Dale, G. E. Oetinger, G., Jr. 
Davis, F. W. Olson, M. L. 
Dawes, H. N. Orrok, G. A., Jr. 
Dawley, ©. G. Owen, E. V. 
Dean, H. K. Parker, C. G. 
Dedrick, F. F. Pease, C. D. 
Derry, a. C. Peaslee, D. N. 
Dexter, C. F. Pendleton, P. L. 
Dexter, J. L. Perry, S. S. 
Dunn, W. J. Pettibone, C. E. 
Dunnell, W. W., Jr. Piacitelli, J. A. 
Durgin, C. M. Pierce, A. J 
Eaton, E. P., Jr. Pierce, E. M 
Eaton, G. C. Pike, O. S. 
Eberhardt, J. D. Powell, E. B. 
Eddy, H. P., Jr. Powell, J. A. 
Edgar, K. K. Preston, E. 
Edwards, A Purdy, A. A e 
Estes, H. M. Radden, C. O 


Farrell, F, L. 


i Rardon, N. C 
Foun a. we Recknagel, R. T. 
Ferretti, A. J. Reed, A. B. 
Fisher, R. T. Reid, D. O. 
Flather, F. A. Remeschatis, R. E. 
Forbes, R. T. Repetto, F. E. 


Reuter, P. T. 


Forzley, V. G. Reynolds, L. M. 


Fradenburgh, J. 


< Rich, G. R. 
roa a é Richardson, L. 
Gaisman, H. J. Ripley, R. L. 
Galopin, F. E. Rivinius, G. A., Jr. 
Gatcombe, E. K. Roberts, R. T. 
Giles, J. E., Jr. Robertson, B. 
Glennie, G. W. Robins, J. W. 
Glossa, A. J. Rockwell, R. A. 
Goodnow, J. M. Rodgers, A. O. 
Graf, F. J. Rolland, G. A. 
Granger, G. pene i 
Graser, T. N. Rou reser 
Greenhalgh, J. Rowe sh 
Gunby, F. M. Rozett, W., Jr 

hn, ©, A. ile as 
es OH Ryan, W. F. 

ahn, ©. H. St. Clair, C. D. 
Hall, W. A. Saunier, W. P. 
Halzel, G. C. Sawyer, F. A. 
Hancock, J. E. Scheibel, A. H. 
Hartwell, H. B. Schrieber, A. N. 
Harvey, J. C. Schwartz, S. T. 
Hastings, R. G. Scranton, W. M. 
Hayes, L. W. Sears, W. H. 
Hemman, R. E. Shevlin, A. R. 


‘‘hivek, H. L. 
}Sibley, E. W. 
paill, F. J. 
silverman, L. 
‘Simeone, V. 
)$mith, C. 

f Smith, E. 
PSmith, F. W. 

" 3mith, J. F. 

| 8molensky, S. M. 
‘Spofiord, Ey Ee. By 
Spring, H. M. 

) Stearns, F. A. 
)Stearns, K. T. 
Steinbach, E. S. 
Stewart, C. R. 
Stickle, H. E. 
Storrow, J. J. 
Strachan, A. D. 
| Struck, H. W. 
Studley, A. B. 

' Sullivan, E. L. 
‘Sutherland, J. E. 
} Sutton, H. M. 

| “Takata, V. T. 
Taylor, DeW. M 
‘Taylor, E..C. 
“Tenney, A. B. 
Tholl, J. E. 
Thompson, J. W. 
Thompson, S. E. 
Tilson, H. 
Tuttle, G. W. 
Uhl, W. F. 
Veinote, T. H. 
von Rehberg, H. L. 
Wallace, H. B., 
Ward, H. C. 


Westaway, OC. R. 
Whipple, G. F. 
White, A. D. 
White, B. C. 
White, H. E. 
Wightman, F. A. 
Wilder, F. G. 
Williams, G. D. 
Williams, R. L. 
Wilson, J. 
Wiseman, E. J. 
Wolowicz, C. H. 
Woodman, W. C. 
Worcester, H. E. 
Zaunmiller, E. W. 
Zeller, J. W. 


BRAINTREE 
Boston Section 
Little, F. A. 


BRIDGEWATER 
Boston Section 
Kimball, R. H., Jr. 


BRIGHTON 
Boston Section 


Garneau, L. A. 
Golding, H. B. 


BROOKLINE 
Boston Section 


Benson, C. I., Jr. 
Egleston, O. J. 

Hall, F. 

Harrington, Cc. J., Jr. 
Kapstein, S. C. 
Kelley, E. F. 
Vershbow, A. E. 


BROCKTON 
Boston Section 


Carrigg, T. F., Jr. 
Montgomery, W. J. 


CAMBRIDGE 
Boston Section 


Barry, F. W. 
Bartlett, H. 
Bellin, A. I. 
Berry, OC. H. 
Buckingham, E. 
Cammann, 
Carrig, J. A. 
Chao, W. W. 
Chin, T. W.-F. 
Coffin, L. F., Jr. 
Compton, K. T. 
Crede, C. E 
Oroghan, J. T. 
Cutler, W. M. 
Davis, L. K. 


Day, E. E. 
Den Hartog, J. P. 


Dozier, L. C., Jr. 
Draper, CO. S. 
Durant, A. 
Edwards, W. W. 
Ellis, F. R. 
Emmons, H. W. 
Engelbach, B. A. 
Farnell, G. 
Feyling, P. L. F. 
Finch, R. B 


Grissy, W. iy 
Grossman, N. 
Hebard, J. C., Jr. 
Hersey, M. Dz. 
Higgins, S. P., Jr. 
Hoffberg, H. J. 
Hofmann, C. 8S. 
Holt, J. 

Hottel, H. C. 
Hrones, J. A. 
Hunsaker, J. O. 
Jackson, D. C. 
Jackson, D. C., Jr. 
Jacobus, D. D. 
Kauffman, H. P. 
Kaye, J. 

Keenan, J. H. 
Ketchum, G. M. 


Lewis, F. M. 
Livengood, J. O. 
Lobisser, R. J. 
Lovelace, R. 8. 
Lunn, J. A. 
MacDonald, F. M. 
MacGregor, C. W. 
MacMillin, H. F. 
Magee, F. M. 
Majors, H., Jr. 
Marks, L. S. 
Mehringer, F. J. 
Michel, L. R. 
Mises, R. v. 
Mooney, D. A. 
Mowlem, A. R. 
Mueller, R. K. 
Murray, W. MacG. 
Myers, W. J. 
Neumann, FE. P. 
Nugent, J. B. 
Odell, M. J. 
Page, S. E. 
Percival, W. H. 
Perry, L. H. 
Peverly, A. W. 
Profita, J. C. 
Raymond, F. E. 
Reed, F. E., Jr. 
Reissner, E. 
Rightmire, B. G. 
Roberts, G. D. 
Robinson, G. E. 
Rohsenow, W. M. 
Rowe, H. A. 
Rundlett, D. C. 


Shairman, A. H. 
Shames, A. A. 
Shapiro, A. H. 
Shaw, B. E. 
Silberstein, M. S. 
Sloane, A. 
Smith, R. D. 
Soderberg, C. R. 
Spence, R. A. 
Spencer, J. H. 
Stauffer, R. D. 
Stenberg, E. R. 
Stewart, O., Il 
Svenson, OC. L. 
Swenson, J. D. 
Taft, T. H. 
Taylor, E. S. 
Thomson, G. H. 
Tierney, W. D. 
Tilton, P. D. 
Turner, O. 

Van Driest, E. R. 
Warner, T. C., Jr. 
Westergaard, H. M. 
Wilson, H F 
Wyatt, H. W. 
Yates, A. H. 


CANTON 
Boston Section 
Corey, R. L. 


CHARLESTOWN 
Boston Section 
De Vries, R. P. 
Klafstad, E. 
Sherman, R. S. 
CHELSEA 
Boston Section 


Copithorne, A. R. 
Gale, G. 
Rosenberg, I. S. 
Symonds, R. F 
CHICOPEE FALLS 


Western Massachu- 
setts Section 


Agnew, W. G. 

Dexter, A. J. 

Jones, W. P. 

Newbegin, J. L. 

Scherner, J. 

Vose, R. W. 
CLINTON 

Worcester Section 


Fraser, J. P. 

King, V. ©. 

Officer, W. J. 

Wood, O. T. 

COHASSET 
Boston Section 
Ainslie, H. W., Jr. 
Hagerty, F. W. 
CONCORD 
Boston Section 
Clark, M. H. 
Smith, P. A. 
DANVERS 
Boston Section 

Curtis, R. E. 

Maybury, R. D. 

Moore, C. N. 

Smith, R. 

Watson, W. M. 

DEDHAM 
Boston Section 

Effgen, H. 

Williston, A. L. 
DORCHESTER 
Boston Section 

Cyphers, J. F. 

Gordon, R, J. 

Greenberg, Y. J. 

LaCerda, D. J. 

Russo, J. N. 
EAST BOSTON 
Boston Section 


Bennett, V. W. 

McElroy, J. J. 

Presby, L. Q. 

EAST CAMBRIDGE 
Boston Section 

Ferguson, H. J. 


EASTHAMPTON 


Western Massachu- 
setts Section 


Johnson, P. A. 


EAST HARWICH 
Boston Section 
Vincent, H. S. 


EAST LYNN 

Boston Section 
Deering, G. B. 
McKay, F. J. 

EAST WALPOLE 

Boston Section 
Conrad, C. W. 
Guttormsen, P. A. 

EDGARTOWN 
Orr, A. M. 


EVERETT 
Boston Section 


Fisnor, J. B. 
Finke, H. E. 
Roetzer, A. A. 
Smith, H. R. 


FALL RIVER 
Providence Section 


Kispert, E. G. 
MacCallum, G. A. 
Olson, E. W. 

Parks, G. U. 
Thompson, R. M., Jr. 
Van Blarcom, G. F. 
West, F. R. 


FITCHBURG 


Worcester Section 


Bailey, F. E. 
Bursack, W. W. 
Clark, R. B. 
Ericson, F. R. 
Harris, A. E. 
Hedman, S. N. F. 
Hill, R. C. 
Kohl, F. 8. 
Lammi, R. E. 
Wiley, F. E. 
FLORENCE 
Western Massachu- 
setts Section 


Maynard, OC. E. 


FOXBORO 
Boston Section 


Alden, C. E. 
Bragg, D. K. 
Burtt, N. W. 
Haigler, E. D. 
Keppler, P. W. 
Newhall, D. H. 
Philbrick, G. A. 
FRAMINGHAM 
Boston Section 


Angier, E. H. 
Baker, H. D 
Bridges, L. W. 
Chipman, F. W. 
Dearborn, E. R. 
Santon q; J. 
Vogt, A 
GARDNER 

Worcester Section 
Hartwell, J. N. 
Smith, R. R. 

GEORGETOWN 

Boston Section 


Stetson, R. B. 
GREAT BARRING- 
TON 


Western Massachu- 
setts Section 


Robbins, J. L. 


GREENFIELD 


Western Massachu- 
setts Section 


Fennell, A. R., Jr. 
Ferguson, R. I. 
Koehler, O. E. 


Stimson, G. H. 


GROTON 
Boston Section 
Graff, BP: T: 


GROVE HALL 
Boston Section 
Kotzen, H. 


HAVERHILL 
Boston Section 


Clokey, A. W. 
Conklin, R. M. 
ioe G. F. 
Pope, L. B. 
Souter, J. C. 


HINGHAM 


Boston Section 


Bates, N. W. 
Bertelsen, A. N. 
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Bower, E. I. 
Smith, W. M. 
HOLDEN 
Worcester Section 
Allen, L. T. 
Truedsson, G. R. 
HOLYOKE 


Western Massachu- 
setts Section 


Baker, D. G. 
Barrett, R. E., Jr. 
Bergstrom, P. H. 
Burkhardt, E. R. 
Donoghue, F. F. 
Durland, W. P. 
Greene, F. W. 
Hartwell, G. W. 
Hutchings, A. R. 
McCuaig, D. H. 
Neuhoff, J. 
Newcomb, R. FE. 
Prescott, P. R. 
Smith, E. S. 
Sutcliffe, J. W. 
Thompson, J. R. 
Towne, J. M. 
HOPEDALE 
Worcester Section 
Brown, C. D. 
Burdett, H. H. 
HUBBARDSTON 
Worcester Section 


Merriam, H. P. 


HUDSON 
Boston Section 
Polonsky, A. 


HYANNIS 
Boston Section 
Davies, H. E., Jr. 


HYDE PARK 

Boston Section 
Foss, E. N., 2nd 
Woodbury, R. VY. 
INDIAN ORCHARD 


Western Massachu- 
setts Section 


Chamberlin, J. M. 

Johnson, H. K. 

Low, 8. 

Mabb, W. S. 

Malcolm, J. F. 

Wahl, J. H. 
IPSWICH 

Boston Section 


Gardner, E. K, 
Gmitro, A. F. 
ISLINGTON 
Boston Section 
Penrose, E. T. 


JAMAICA PLAIN 
Boston Section 
Lockhart, J. D. 
Riley, J. C. 
LANCASTER 
Worcester Section 
Person, E. R. 


LAWRENCE 
Boston Section 


Burlingame, W. B. 
Gurvitch, J. E. 
Hamblet, G. W. 
Larsen, F. R. 
McClung, J. M. 
Mill, V. J., Jr. 
Poore, E. A. 
Ralton, F. A. 
Rotondo, A. 
Schwarz, F. H. 


LEE 


Western Massachu- 
setts Section 


Packard, R. A. 


MASSACHUSETTS 


LEOMINSTER 
Worcester Section 
Harrington, A. E. 


LONGMEADOW 


Western Massachu- 
setts Section 


Loomis, B., Jr. 
Pyne, F. S. 
Stone, E. W. 


LOWELL 
Boston Section 


Ball, H. J. 
Campbell, F. G. 
Cunningham, F. 
Lord, H. C. 
Mroz, E. J. 


LUDLOW 


Western Massachu- 
setts Section 


Slavin, E. F. 
Wicks, C. J. 


LUNENBURG 
Boston Section 
Jones, F. R. 


LYNN 
Boston Section 
(See also West Lynn) 


Andersen, H. C. 
Anderson, J. E. 
Biwer, L. W. 
Bjorkman, R. K. A. 
Blanchard, W. P. 
Bloomberg, D. J. 
Bookmiller, W. H. 
Brown, T., Jr. 
Burgess, N., Jr. 
Burstadt, E. W. 
Butcher, R. O. 
Carlson, P. G. 
Collins, L. J. 


Davich, M. 
Douglass, M. E. 
Drabek, Ss 


Hastings, C. F. 
Henderson, J. R. 
Johnson, W. W. 
Justice, L. W. 
Keller, A. 

King, H. M. 
Krause, R. M. 
Labastie, A. H. 
Levinson, S. 
Longley, R. E. 
Lord, K. M 
Mazza, C. A. 
McCabe, C. H. 
McGee, H. P. 
Miller, R. C. 
Miller, R. O. 
Moore, E. A. 
Nesson, I. 
Nyquist, D. F. 
Oergel, C. T. 
O’Toole, J. M. 
Pace, E. L. 
Pacher, A. J. 
Pierce, L. J. 
Powell, J. M. 
Pozniak, V. 
Prince, D. C., Jr 
Robinson, M. G. 
Sait, A. J 
Sessler, N. A. 
Small, R. E. 
Snyder, J. H. 
Specht, E. J. 
Standerwick, R. G. 
Stanger, W. E. 
Stanyan, S. W. 
Stoeckly, E. E. 
Taber, G. A. 
Thompson, C. T. 
Thompson, E. L. 
Thompson, E. S. 
Tritle, E. M. 
Warner, D. F. 
Whitescarver, L. D. 
Wicher, W. E. 
Wiggin, R. E. 


MASSACHUSETTS 


MALDEN 
Boston Section 


Dillon, F. H. 
Joy, F, A. 
Kinney, D. W. 
Krasner, M. H. 
Nute, E. L. 


MARBLEHEAD 
Boston Section 


Crowell, S., III 
Hurley, W. V. 
Kimball, H 


MARION 
Providence Section 
Hosmer, S. 


MARSHFIELD 
Boston Section 
Raymond, J. D. 


MATTAPOISETT 
Boston Section 
Hiller, J. L. 
MEDFORD 
Boston Section 


Chase, C. H. 
Dowden, W. M. 
Farnham, W. E. 
Fisher, D. A. 
Graffeo, A. J. 
Hart, G. C. 
MacNaughton, E. 
Pfanstiehl, P. D. 
Webster, F. N. 


MELROSE 
Boston Section 


Graves, L. P. 
Pevear, J. C. 


MILTON 
Boston Section 


McIntyre, W. S. 
Ortla, F. L 


NANTUCKET 
ISLAND 


Jones, B. 
Kennedy, G. S. 


NATICK 
Boston Section 
Gale, H. B. 


NEEDHAM 
Boston Section 


Coupal, E. A. 
Green, A. B. 
Russell, J. H. 
Tholl, J. F. 
NEPONSET 
Boston Section 


Spink, L. K. 


NEW BEDFORD 
Providence Section 
Parsons, C. S. 
Pittendreigh, W. W. 
Walter, M., Jr. 
Winsor, A. P., Jr. 
NEWBURYPORT 
Boston Section 
Nicklas, D. L. 
Priestman, L. E. 
NEWTON 
Boston Section 


Condon, J. E. 
Hjerpe, C. W. 
Skwarek, F. J. 


NEWTON CENTER 
Boston Section 
Dalrymple, P. W. 
NEWTON HIGH- 
LANDS 
Boston Section 
Foster, A. R. 


et 


AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


NEWTON UPPER 
FALLS 
Boston Section 
Comly, G. N. 


NEWTONVILLE 
Boston Section 


TRellamy, L. 
Starkweather, W. G. 
Whipple, R. S. 


NORTH ADAMS 


Western Massachu- 
setts Section 


Clark, W. W. 
Hunter, J. D. 
Jones, E. E. 
Morrill, F. B. 
Redmerski, E. S. 


NORTHAMPTON 


Western Massachu- 
setts Section 


Brown, R. H. 


NORTH ANDOVER 
Boston Section 
Rockwell, S. F. 


NORTH BILLERICA 
Boston Section 
Starbuck, G. F. 


NORTH DIGHTON 
Providence Section 
Waldron, E. H. 


NORTH EASTON 
Providence Section 
Kent, T. F. 


NORTH PLYMOUTH 
Boston Section 
Billey, P. R. 
Brewster, E. W. 
Raimondi, A. A. 
NORTH QUINCY 
Boston Section 


Wanzer, A. W. 


NORTH SCITUATE 
Boston Section 
Newcomb, E. C. 


NORWOOD 
Boston Section 


D’Arcey, A. C. 
Marr, J. H. 
Richardson, P. H. 


ORANGE 


Western Massachu- 
setts Section 


Harris, C. C. 


ORLEANS 
Boston Section 
Cole, A. W. 


PALMER 


Western Massachu- 
setts Section 


Sprague, EB. R. 


PEABODY 
Boston Section 


Better, P. 
McLaughlin, G. E. 
Sitek, A. S. 


PITTSFIELD 


Western Massachu- 
setts Section 


Borton, W. C. 
Brand, F. F. 
Chesney, M. M. 
Cooper, E. G. 
Ferguson, D. McH. 
Gray, E. G. 
Grossenbacher, He Jr. 
Hurt, W. C., 

Kelly, Sel ae 
Marchant, R. D. 


McKenney, J. F. 
Misselhorn, H. J. 
Paxton, R. 
Pryde, D. R. 
Slayton, OC. H., Jr. 
Thompson, E. B. 
Vogel, H 
PLYMOUTH 
Boston Section 


Besse, G. L. 
Damon, J. H. 
Roberts, K. D. 
POCASSET 
Boston Section 


Robinson, D. P. 


POINT OF PINES 
Boston Section 
Baker, B. L. 


QUINCY 
Boston Section 


Baker, N. A. 
Bassett, W. V. 
Bevans, H. M. 
Burstein, S. 
Canavan, J. E. 
Crocker, S., Jr. 
Day, E. 

De Yeantis, F. G. 
Fox, B. 
Houghton, H. C. 
Jewett, G. L. 
Morse, E. P. 
Nalbandian, H. S. 
Noonan, J. D. 
O’Regan, W. F. 
Piekarski, J. B. 
Powell, S. C. 
Robinson, C. S. L. 
Rubin, M. L. 
Schumb, M. T. 
Swanson, L. 
Tausch, J. H. 
Tingey, R. H. 
Wiseman, J. T. 


RANDOLPH 
Boston Section 


LeDuc, R. J. 
Wells, E. L. 


READING 
Boston Section 


Baase, F. C. 
Chandler, A. H. 
Ives, C. Q. 


ROSLINDALE 
Boston Section 
Hartwell, T. 


ROXBURY 
Boston Section 


Katz, M. 
Keating, A. E. 
Naiman, R. 
Rich, A. M. 
Scott, E. W. 


SALEM 
Boston Section 


Audet, C. R. 
McDonough, T. L. 


SANDWICH 
Boston Section 
Dearborn, W. L. 


SHREWSBURY 
Worcester Section 
Carlson, H. G. 


SOMERVILLE 
Boston Section 
Polk, I. 


SOUTH BARRE 
Worcester Section 
Johnson, S., Jr. 


SOUTH BOSTON 
Boston Section 


Apolis, J. dr 
Hayward, J. G. 
McCulloch, A. D. 


Patscheider, W. 
Root, A. B 
Wolosin, D. 
Woodhull, A. S. 


SOUTH BRAINTREE 


Boston Section 
Chenoweth, D. M. 


SOUTHBRIDGE 
Worcester Section 


Buckminster, L. A. 
Crawford, I. C. 
Gunning, W. A. 
Henderson, G. K. 


Ritterbusch, He Rs 
Roth, R. J. 
SOUTH CHATHAM 
Kent, H. R. 
SOUTH SUDBURY 
Boston Section 
Burr, K. G. 


SOUTH WALPOLE 


Boston Section 


Bond, W. R. 
Nichols, G. E., Jr. 


SOUTH WEYMOUTH 


Boston Section 
Bacon, L. H., III 


SPRINGFIELD 


Western Massachu- 
setts Section 


Bailey, A. 
Bunker, P. D. 
Cattermole, L. G. 
Claessens, F. A. 
Cody, O. 
Connelly, Ap R. 
Crais, C. I. 
Davenport, G. H. 
Edwards, M. R. 
Garand, J. O. 
Kresser, L. 

Kuhn, W. W. 
Lafferty, E. ©. 
Laughton, W. B. 
Luukkonen, V. A. 
McCormick, T. J. 
McPheters, L. L. 
Montgomery, W. A. 
Myers, E. F. 
Richardson, H. M. 
Root, C. S. 
Smith, E. L. 
Stewart, A. A. 
Van Norman, F. D. 


STOCKBRIDGE 


Western Massachu- 
setts Section 


Adams, F. S. 


STONEHAM 
Boston Section 


Donahoe, C. F. 
Hunt, R. E. 

Kedy, S. F. 
Kleinschmidt, R. V. 


SWAMPSCOTT 
Boston Section 
Davis, K. N., Jr. 


TAUNTON 
Providence Section 


Barron, J. T. 
Chase, A. L. 
Gebhard, L. N. 
Porter, L. J. 
Robertson, J. D. 


TOWNSEND 
Boston Section 
Baumis, F, J. 
UXBRIDGE 
Worcester Section 
Brady, L. J. 
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WABAN 
Boston Section 
Kennison, G. F, 


WAKEFIELD 
Boston Section 


Brown, G. W. 
Olivetti, D. 
White, R. S 


WALPOLE 
Boston Section 
Valentine, K. C. 
Williams, J. D. 
WALTHAM 
Boston Section 


Abbondante, C. 
Campbell, A. McO. 
Cook, E. M. 
Holton, A., Jr. 
Tuck, H. M. 
Millar, R. L. 


WARE 


Western Massachu- 
setts Section 


Scott, D. O. 


WATERTOWN 
Boston Section 
Adams, P. 
Bakerjian, B. H. 
Clark, E. D. 
Coffin, OC. W. 
Corapi, V. 
Metcalf, R. F., Jr. 
Pickener, E. 
Shepard, F. J., Jr. 
Voysey, A. 
Whitting, H. ©. 


WELLESLEY 
Boston Section 
Bradshaw, W. T. 
Deal, J. R. 
WELLESLEY HILLS 
Boston Section 
Houghton, R. D. 
Jewett, F. B., Jr. 
Middleton, P. H. 
WESTBORO 
Worcester Section 
McMahon, C. M. 
Tolman, R. H. 
WEST BOYLSTON 
Worcester Section 
Crane, H, P. 


WEST CONCORD 
Boston Section 
Forstall, W., Jr. 


WEST FALMOUTH 
Boston Section 
Scott, H. F. 


WESTFIELD 


Western Massachu- 
chusetts Section 


Adzima, G. R. T. 
Campbell, L. 
Mattlage, R. F. L. 
Wade, W. M. 


WEST LYNN 
Boston Section 
(See also Lynn) 


Arms, R. P. 
Batchelder, L. A. 
Benford, R. L. 
Black, S. B. 
Boring, R. F. 
Bostian, W. A., Jr. 
Brunot, A, W. 
Cannon, C. N. 
Dickey, W. K. 
Embree, N. D. 
Gail, S. E. 
Giffin, D. A. 
Godschall, M. G. 


Holt, K. M._ 
Kelsey, H. D. 


Kerr, J. L. 
Manning, R. M 
McCausland, J. ey Jr. 
Moss, S. A. 
Nottelmann, J. F. 
Oskochil, J. W. 
Page, K. W. 
Parker, R. E. 
Paulson, E. FE. 
Phillips, E. M. 
Pollard, E. V. 
Princi, M. A. 
Prohl, M. A. 
Puffer, S. R. 
Reilly, T. A. 
Renfrew, C. A. 
Seelig, C. B. 
Southwick, B. H. 
Streid, D. D. 
Swarthout, H. P. 
Taylor, M. A. 
Wilder, H. OC. 
Wilson, W. B. 
Wynn, A. L., Jr. 
WEST MEDFORD 
Boston Section 


Reeder, W. E. 


WEST NEWTON 
Boston Section 


Derr, T. S. 
Rudick, M. J. 


WESTOVER FIELD 


Curley, W. S. J. 
Shoemaker, W. H. 


WEST ROXBURY 
Boston Section 


Lustwerk, F. 
Sebring, F. A. 
Sebring, R. E., Jr. 


WEST SOMERVILLE 
Boston Section 
Jones, A. DuB. 


WEST SPRINGFIELD 


Western Massachu- 
setts Section 


Powell, J. A. 
Tapp, H. F. 


WEYMOUTH 
Boston Section 
Woodcock, R. R. 


WHITINSVILLE 
Worcester Section 


Albrecht, G. F. 
Ball, L. R. 
Banfield, F. E., Jr. 
Mitchell, H. 


WHITMAN 
Boston Section 
McLean, R. W. 


WINCHENDON 
Worcester Section 


May, E. D. 
Whitney, W. M. 


WINCHESTER 
Boston Section 


Andrews, E. E., Jr. 
Gleason, G. H. 
Twombly, R. OC. 


WINTHROP 
Boston Section 
Staller, J. J. 


WOBURN 
Boston Section 


Fava, A. A. 
Graham, J. S. 


WOODS HOLE 
Cornell, S. 


WORCESTER 
Worcester Section 


Abadjieff, I. V. 
Allen, C. M. 

Allen, E. K., Jr. 
Andrews, R. W. 


= 


_ Ankstitus, J. P. 
- Bartlett, J. M., Jr. 


| Bartlett, R. D. 


Beaman, P. A. 


' Beth, W. F. 


Bratt, R. T. 


 Garroll, E. H. 


Ohiras, D. 
Cluverius, W. T. 


Craig, O 


Daniels, O. W. 


| Daniels, F. H. 
|. Davey, G. W. 
_ Dowd, S. B. 


Dows, H. W. 


| Elliott, E. 
_ Endicott, G. 
_ Flygare, O. G., Jr. 
'- Freeman, H. G. 
‘2 Fuller, G. F. 
| Gifford, A. J. 


Gillett, O. E. 


if p cldrosen, L. 
2 Gow, R. F. 

’ Gulliksen, J. W. 
- Hahn, R 


Harding, W. G. 


* Hawley, C. F. 


Higgins, A. O. 
Higgins, B. O. 


- Higgins, J. W. 


Hitchcock, J. H. 
Holmstrom, A. B. 
Hooper, L. J. 
Howard, C. P. 
Howe, J. F. 
Jeppson, G. N. 
Keller, A. R. 
Kendall, H. O. 


MacCullough, G. H. 
Macklin, R. W. 
Merriam, K. G. 
Mierke, F. W. 
Morgan, P. B. 
Motherwell, G. W. 
Nikoloff, S. 


- Norcross, A. M. 


Palley, J. A. 
Palmer, A. 
Plamann, J. A., Jr. 
Pomeroy, G. M. 
Potter, B. G. 
Price, M. L. 
Read, C. A. 

Reed, OC. T. 
Rehm, G. A. 
Riley, B. A. 
Robbins, W. F. 
Rockwood, G. I. 
Rogers, W. O. 
Rothemich, E. F. 
Rougemont, R. L. 


Searle, W. CO. 


Wechsberg, O. 
Williams, ©. E. 
Williamson, O. W. 
Wood, R. H 


MICHIGAN 


ALGONAC 
Detroit Section 
Lentz, L. W. 


ANN ARBOR 
Detroit Section 


Abbott, E. J. 
Airey, J. 
Banchero, J. T. 


Everett, F. bh 
Finch, F, R. 
Galuzevski, Rae 
Gilbert, W. W. 


Keeler, H. E. 
Kelkar, A. M. 
Ormondroyd, J. 
Porter, R. C. 

Reh, P. A. 

Royce, R. F. 
Schwartz, F. LeR. 
Shideman, E. G. 
Spooner, O. W., Jr. 
Toth, Ww. 
Trick, O. J. 
Vincent, E. T. 
Walker, O. L., Jr. 


York, J. L. 
Young, R. S. 


BATTLE CREEK 
Detroit Section 


Ashmun, L. H. 
Banghart, L. E. 
Bohn, R. G. 


Dunham, E. J. 
Gore, J. O. 
Mattick, N. J. 
Ordway, E. P. 
Stackhouse, H. L. 


BAY CITY 
Detroit Section 


Curtiss, O. B. 
Eddy, J. W. 
Gray, F. L., Jr. 
House, W. R. 
Jacob, B. O. 
Orban, A. R. 
Wheat, J. O. 
Zink, A. H. 


BELDING 
Peninsula Section 
Allen, J. D. 


BENTON HARBOR 


St, Joseph Valley 
Section 


Miller, S. O. 
Schultz, 0. C. 


BIRMINGHAM 
Detroit Section 
Hamilton, R. O. 


BUCHANAN 


St. Joseph Valley 
Section 


Borland, J. 
Peirce, A. 


CALUMET 


McIntosh, R. 
Williams, H. E. 


CENTER LINE 
Detroit Section 


Fuller, S. H. 
Hermes, W. D. 
Mott, G. O. 


COLDWATER 
Toledo Section 
Ayers, D. J. 
COLOMA 


St. Joseph Valley 
Section 


Miller, K. W. 


COLON 


St. Joseph Valley 
Section 


Broker, W. F., Jr. 


CROSWELL 
Detroit Section 
Du Mond, L. P. 


DEARBORN 
Detroit Section 


Bean, N. L. 
Dulmage, W. W. 
Eley, R. V. 
James, W. S. 
Mallen Biv: 
Oonk, R. G. 
Randall, JF. 


Scranton, G. J. 
Sleeman, E. O. 
Yamauchi, Y. W. 


Zimmerman, F., E., Jr. 


DELTON 
Peninsula Section 
Clarage, H. L. 


DETROIT 
Detroit Section 
Adams, J. 


Andeen, J. W. 
Anderson, E. E. 
Anderson, J. W., Jr. 
Anderson, N. H. 
Armour, J. W. 
Bailey, E. O. 
Baits, S. G. 
Balun, J. J. 
Banerian, G. 
Barkley, W. R. 
Barkovitz, W. E. 
Barthel, O. E. 
Bartholomew, E. 
Bateman, T. P 
Batie, J. E. 
Batu, A. M. 
Beam, A. S. 
Beaumont, J. C. 
Beers, R. L. 
Bellaimey, H. E., Jr. 
Beltz, F. W., Jr. 
Benjamin, M. W. 
Benson, A. BE. 
Bergin, R. F. 
Berryman, R. H. 
Beyer, B. W., Jr. 
Beyster, H. E. 
Bigelow, F. B. 
Boddy, F. A. 
Booth, J. H. 
Borden, A. R. 
Bouton, G. I. 
Bower, R. G. 
Boyko, J. 
Bradley, J. H. 
Brandon, R. J. 
Brauburger, R. A. 
Breer, C. 
Brennan, J. W. 
Brennan, W. E. 
Briscoe, R. 
Broghamer, E, L. 
Brown, W. W. 
Bryant, E. J. 
Bryant, P. J., II 
Bujak, H. O. 
Bumgardner, H. E. 
Burlesco, M. §8. 
Burnside, M. C. 
Caldwell, E. ©. 
Campbell, J. M. 
Cantley, W. I. 
Canvasser, M. A 
Carlson, D. 
Carson, K. S. 
Carter, P. D. 
Carter, W. A. 
Champney, R. P. 
Chappell, H. D. 
Chester, T. 
Chont, D. G. 
Cisler, W. L. 
Clade, R. 

Olark, A. L. 
Olauss, J. A. 
Compton, F. A. 
Coon, T. E. 
Cope, E. T. 
Corey, D. H. 
Crocker, S. 
Cullison, J. S. 
Cunningham, R. O. 
Cuthbert, I. N. 
Dalrymple, 8S. W. 
Dalziel, P. S. 


De Cenzo, E. P. 
Demorest, G. E. 
Deuster, R. W. 
DeVisser, J. H. 
Dickson, D. R 
Dilcher, H. 8. 
Donaher, F. L. 
Dow, G. L. 
Drake, C. M. 
Drysdale, W. D. 
Dumsa, A. V. 
Dunagan, S. V. 
Eichstaedt, A. W. 
Einfeldt, O. L 
Ekeergian, ©. L. 
Elliott, OC. M. 
Elliott, M. D. 
Elrod, H. G., Jr. 
Embach, E, L. 


Ensign, J. D. 
Ergeneman, N. 
Esselstyn, H. H. 
Ivans, G. M. 
Evashevski, K. 
Farrell, E. F. 
Fehr, R. B. 
Feige, W. F. 
Ferar, R. 

Fine, M. E. 
Fink, G. R. 
Flynn, J. B. 
Foley, R. B. 
Ford, H. 

Ford, H. S. 
Francone, E. A. 
Freund, ©, J. 
Fuller, A. L. 
Fuller, E. H. 
Gadd, 0. W. 
Gallini, E 
Gandelot, H. K. 
Garrish, G. 
Geisinger, J. M. 
Gibson, H. L. 
Gies, R. P. 
Gifford, O. R. 
Giguere, G. H. 
Glasius, E. 
Goddard, A. N. 
Gracik, J. W. 
Graves, W. J. 
Green, O. R. 
Green, H. 
Greiner, F. 
Grenzke, G. R. 
Grosjean, O. H. 


Gudmundson, G. G., 


Gutowski, E. M. 
Hall, O. A. 
Hanson, R. F. 
Harrington, F. T. 
Harrison, O. G. 
* Hausman, M. 
Havel, F. L, 
Hawkins, R. B. 
Hawley, O. D. 
Hay, R. F. 
Hecht, E. E. 
Heftler, P 
Hellenberg, O. E. 
Helmrich, G. B. 
Herman, K. R 
Herman, R. V. 
Higgins, R. 8S. 
Hindman, W. L. 
Hirshfeld, J. F. 
Hoffman, P. C. 
Holliday, F. R. 
Honywill, A. W. 
Horvath, J. P. 
Howell, G, H. 
Hust, V. F. 
Huntoon, ©. H. 
Hyde, E 
Ingram, W. T. 
Ip, C.-U 
Jahncke, D. E. 
James, J. R. 
Jarnagin, ne F, 
Jeffords, T 
Johnson, G. A. 
Johnson, J. EB. 
Johnson, R. M. 
Jobnson, W. H. 
Jones, J. F. 
Kaczynski, Z. L. 
Kalvelage, F. J., Jr. 
Kasten, F. McR. 
Kazen, M. O. 
Kearney, T. J. 
Keller, K. T. 
Kern, F., Jr. 
Kershaw, S. E. 
Kettering, O. F. 
Kice, M. 
Kinnard, J. A. 
Klein, S. J. 
Knauer, E. G. 
Knoblock, A. F. 
Knocke, L. T. 
Knudsen, W. S. 
Kolb, R. E. 
Kopee, O. S. 
Kormendy, L 
Koss, A. J 
Kramer, D. F. 
Kreidler, D. W. 


Lanno, E. O. 
Leatherman, L. R. 
Lehman, P. 
Leister, Ae 
Liedel, 1, 

LS aes F. J. 
Lipka, G. 8. 
Littell, F. M. 
Little, E. R. 
Livingstone, J. E. 
Loney, N. MclI. 
Longmire, H. E. 
Lorne, J. C. 
Lovejoy, E. P. 
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Lovell, T. S. 
Loweke, G. P. 
Lucht, F. W., Jr. 
Mabee, EH. W. 


Macauley, J. B., Jr. 


MacGillis, D. J. 
MacNaughton, E. J. 
Macomber, H. E, 
Majneri, L. A. 
Mally, G. G. 
Manderfield, R. E. 
Marcero, A. 

Marsh, R. H. 
Marsland, E. H. 
Martin, J. A. 
Martz, L. S. 
Mattern, R. E., Jr. 
Mayrose, H. E. 
McAulay, H. J. 
McOlellan, D. R. 
McCutchan, A. 
McGregor, H. G. 
McGuinness, J. P. 
McKinney, R. E. 
McNamer, J. D. 


Merrill, 8. 0. 
Mezger, Renu: 
Miller, N. E. 
Miller, P. H. 
Mills, H. H. 
Mitchell, F. T., Jr. 
Mitchell, N. T. 
Mjolsnes, E. L. 
Morse, L. ie Jr. 


Nacy, R. J. 
Nelden, R. M. 
Newhouse, C. 
Nichols, DeO., Jr. 
Nugent, E. L. 
Oakley, W. B., Jr. 
Ochiltree, N. A. 
Omelianoff, G. M. 
Opp, G. O. A. 
Orent, E. 


O’Rourke, H. D., Jr. 


Otte, A 

Palmer, W. O. 
Panitz, K. A. 
Parker, J. W. 
Pasini, A. C. 
Pearson, F. L. 
Peirce, T. H. 
Pellow, R. A. 
Perkins, D. L. 
Pettibone, R. B. 
Phelps, H. R. 
Piaskowski, F. M. 
Pierce, C. 
Pittelkow, A. G. 
Platt, B. S. 
Polk, G. ©. 
Porskievies, A. J. 
Porter, G. A. 
Preble, N. H. 
Price, FU. 
Purdy, W. F., Jr. 
Purvin, B. R. 
Radamaker, G. L. 
Rall, E. B. 
Raymond, E. P. 


Riordan, J. M. 
Romigh, 0. L. 
Rosebrough, J. D. 
Rudd, W. ©. 
Ruettinger, T. O. 
Rumpp, E. T., Jr. 
Rusnack, V. A. 
Sarto, J. O. 
Sattler, S. 
Saulson, S. 
Schachnow, A. S. 
Schafer, V. E., Jr. 
Schechter, J. P. 
Schmidt, W. E 
Schrenk, L. vy 


Segall, K. B. 
Sheehan, T. H., Jr. 


Sherfey, Miss i ive 


Siemers, R. A. 


Smuts, E. E. 
Soderberg, O. A. 
Sparling, P. W. 
Speier, R. N. 
Spurgeon, J. H. 
Stellwagen, R. H. 
Stewart, A. K. 


MICHIGAN 


Stewart, B. O. 
Strachan, B. W. 
Stricker, A. K., Jr. 
Strong, H. W. 
Stuart, G. N., Jr. 
Suczek, R. 

Swaney, F. R., Jr. 
Sweet, C. E. 
Taylor, J. J. 
Thomas, W. P. 
Thompson, P. W. 
Torreano, J. OC. 
Tulus, E. A. 
Turner, J. W. 
Udale, S. M. 
Vicker, J. J. 
Underwood, A. F. 
Van Dame, F. P. 
Van Dusen, O. T. 
Van Duzer, R. M., Jr. 
Van Hengel, G. H. 
Van Vilerah, S. 
Vickers, H. F. 
Vincent, J. G. 
Vogt, P. R. 
Vollmer, W. E. 
Vorhees, R. W., Jr. 
Wagner, Hep 
Walker, A. M. 
Walker, H. S. 
Walker, J. H. 
Walters, R. J. 
Walton, H. L. 
Ware, M. 

Watson, W. F. 
Waugaman, A. R. 


Whelan, P. R. 
Wier, R. L. 
Willi, A. B., Jr. 
Williams, OC. W. 
Winkler, T. E. 
Wisniewski, O. 
Wisniewski, E. 
Wood, E. E. 
Woodward, T. F. 
Wooler, E. 
Woolson, H. T. 
Wulf, H. E. J. 
Yoder, H. D. 
Zeder, F. M. 
Zimmerli, F. P. 
Zink, O. W. 
Zink, G. A. 


DOWAGIAC 


St, Joseph Valley 
Section 


Floreen, E. D. 


EAST LANSING 
Detroit Section 


Barber, W. J. 
Brattin, O. L. 
Campbell, J. M. 
Dirks, H. B. 
Hertel, O. W. 
Price, L. C. 
Wilcox, A. CO. 


ECORSE 
Detroit Section 


Eddie, C. E. 8S. 
McGuire, D. E. 


EDWARDSBURG 


St. Joseph Valley 
Section 


Martin, L. 
ESSEXVILLE 
Detroit Section 


Kerkau, A. D. 
Oberhauser, L. G. 


FERNDALE 
Detroit Section 
Thompson, E, A. 


FLINT 
Detroit Section 


Brucker, L. A. 
Burnside, J. W. 


Fredd, J. V. 


MICHIGAN 


Freeman, R. G. 
Hopkins, K. M. 
Treland, M. L. 
Reed, L. J. 
Spencer, H. G. 
Tutt, OC. L., Jr. 
Wedge, D. E. 


FREMONT 
Peninsula Section 
Caywood, C. M. 


GRAND HAVEN 
Peninsula Section 


Erickson, E. V. 
Jacobson, OC. N. 
Johnson, P. A., Jr. 
Lillyblad, R. H. 


GRAND RAPIDS 
Peninsula Section 


Colby, E. W. 
Cornelius, L. A. 
Curtis, B. D. 


Gallmeyer, W. C. 
Gebben, G. E. 
Gorrie, J. M. 
Hamilton, ©. A. 
Kallet, E. A. 
Kellogg, H. B. 
Kelly, D. H. 
Krider, H. R. 
Kuenzel, O. J. 
Kurkjian, A. S. 
Marshall, H. D., Jr. 
Mendelson, R. R. 
Owen, H. s. 
Richardson, B. E. 
Scheibe, E. W. 
Vander "Vennen, R. J. 
Van Kammen, I. J. 
Van Loo, C. G 
Waring, G. H. 
Weaver, E. L. 
Wegner, H. L. 


GRANDVILLE 


Peninsula Section 
King, T. B. 


GROSSE ILE 
Detroit Section 
Karmazin, J. 
Lane, H. M. 
Sipin, A. J. 
GROSSE POINTE 
FARMS 
Detroit Section 
Moore, F. C. 


GROSSE POINTE 
PARK 


Detroit Section 
Halpin, ©. L. 
Heftler, Mia 
Hermann, C. O. 
GROSSE POINTE 
VILLAGE 
Detroit Section 
Marks, J. H. 


GROSSE POINTE 
Woops 


Detroit Section 
Wrigley, C. OC. 


HAMTRAMCK 
Detroit Section 
Wetzel, J. J. 


HIGHLAND PARK 
Detroit Section 


Anderson, D. OC. 
Batchelor, R. B. 
Dawley, M. W. 
Duffy, J. J. 
Hendrickson, G. A. 
Hubbs, D. R. 
Jennings, F, A. 
Patt, I. F. 
Platt, R. W. 
Webb, B. H. 
Wise, E. P. 
Wolff, W. McO. 


HILLSDALE 
Detroit Section 
Kaiser, F. F. 


HOLLAND 
Peninsula Section 


Krupnick, S. R. 
Lohmann, C. G. 
Luth, H. J. 


HOUGHTON 


Risteen, H. W. 
Young, A. P. 


HUBBELL 
Burgan, A. L. 


IRON MOUNTAIN 
Surinak, J. J. 


JACKSON 
Detroit Section 


Behrens, H. F. 
Birget, C. D. 
Boyce, F. G. 
Daniels, G. C. 
Daniels, M. G. 
Hollerith, C. 
Hunt, H. S. 
Keller, H. S. 
Mackenzie, J. W. 
McKernan, H. J. 
Parkinson, R. W. 
Rundell, H. F. 
Seaman, J. 
Stetler, C. O. 


KALAMAZOO 
Peninsula Section 


Beline, M. G. 
Cassell, C. W. 
Cook, J. S. 
DeHamer, J. R. 
Downs, S. H. 
Limbacher, H. R. 
Norman, E. E 
Young, M. L. 
LANSING 
Detroit Section 


Christian, OC. G. 
Cole, R. A. 
Eckert, O. E. 
Fangboner, H. F. 
Filter, C. F. 
Morse, J. W. 
Rasmusson, W. E. 
Sawyer, G. T. 
Skinner, S. E. 
Thomas, H. T. 
LUDINGTON 
Peninsula Section 


Crawford, M. H. 
Starke, O. A. 


MANISTEE 
Peninsula Section 
Ray, T. 


Saracino, F. E. 
Tobey, W. A. 


MANISTIQUE 
Christensen, M. C. 


MARYSVILLE 
Detroit Section 
Pippin, OC. A. 
MASON 
Detroit Section 


Maguire, J. 
Meier, W. G. 


MELVINDALE 
Detroit Section 
Placey, W. R. 


MENOMINEE 


Koskinen, E. T. 
Langill, R. E. 
Yeakel, A. E. 


MIDLAND 
Detroit Section 


Bobbitt, B. M., Jr. 
Eastman, E. J. 
Gilmore, G. D. 
Grebe, J. J. 


Griswold, T., Jr. 

Lennie, A. M. 

Pierce, J. E. 

Salisbury, A 
MULLET LAKE 
Detroit Section 


Nesbitt, J. W. 


MUSKEGON 
Peninsula Section 


Agerstrand, ©. L. F. 
Harrison, J. W. 
Kesti, A. I. 
Neff, R. L. 
Parks, PSH: 
Powell, R. J. 
Robinson, J. L. 
Smith, R. E. 
Steinman, H. I. 
Thomson, H. T. 
Willi, A. B. 
Willson, D. S. 


MUSKEGON 
HEIGHTS 


Peninsula Section 


Damm, N. E. 
Nixon, S. 


NILES 


St. Joseph Valley 
Section 


Lastner, C. A. 
Simpson, A. M. 
NORTH MUSKEGON 

Peninsula Section 
Nulsen, J. C. 


PORT HURON 
Detroit Section 
Acheson, H. A. 
Drummond, A. 8. 
RIVER ROUGE 
Detroit Section 
Turnbull, G. B. 
Varian, H. M. 
ROCHESTER 
Detroit Section 
McGregor, H. L. 
Mitzelfeld, M. W. 
ROCKFORD 
Peninsula Section 
Rogers, L. C. 


ROYAL OAK 
Detroit Section 
Engle, E. W., Jr. 


SAGINAW 
Detroit Section 


Bickel, H. H. 
Boehringer, H. A. 
Carpenter, K. ©. 
Chapman, W. L. 
Engels, E. O. 
Harley, J. A. 
Helbig, R. W. 
Irving, H. F. 
Liskow, B. H. 
McKenna, J. F. 
McManmon, J. CO. 
Plummer, R. B. 
Robinson, E. M. 
Schupp, A. A. 
Valentyne, P. H. 
Vogt, H. W. 
Watson, D. M. 
Willcox, G. B. 
Willits, C. W. 


ST. CLAIR 
Detroit Section 
Johnston, G. X. 


ST, CLAIR SHORES 
Detroit Section 
Nelson, E. A. 


ST. JOSEPH 


St. Joseph Valley 
Section 


Clemens, J. D. 
Hodges, K. R. 


Hollensbe, H. E. 
Maddock, B. 
Skidmore, B., Jr. 
Strauss, R. W. 
Taylor, J. P. 
TECUMSEH 
Detroit Section 
Mullin, W. H. 
TRENTON 
Detroit Section 


Barretta, V. S. 
Van Zytveld, R. F. 


WAYNE 
Keeler, L. B. 
WYANDOTTE 
Detroit Section 


Brown, N. M. 
Mitchell, W. F. 


YPSILANTI 
Detroit Section 
McMaster, A. C. 


MINNESOTA 


ADA 


’ Greeley, O. E. 


CAMBRIDGE 
Minnesota Section 
Bjorklund, E. E. 
CLOQUET 
Minnesota Section 
McGladrey, L. L. 


DETROIT LAKES 
Minnesota Section 
Nesgoda, L. A. 


DULUTH 
Minnesota Section 


Ayres, R. W. 
Foster, O. 
Thoren, A. V. 


HERON LAKE 
Minnesota Section 
Cooley, S. J. 


INTERNATIONAL 
FALLS 


Minnesota Section 
Barclay, E. H. 


MINNEAPOLIS 
Minnesota Section 


Addicks, M. C. 
Anderson, A. W. 
Andres, W. A. 
Ashenden, E. W. 
Birmingham, M. A. 
Boals, W. S. 
Borst, W. L. 
Bowar, E. C. 
Breneman, L, A. 
Bros, CO. W. 
Chatfield, H. 
Clements, R. W. 
Cobb, L. A. 
Colvin, J. A. 
Davies, J. G. 
Doxey, H. E. 
Dunn, R. CO. 
DuPriest, J. R. 
English, M. L. 
Erkeneff, N. 

Ford, R. E. 
Forfar, D. M. 
Frawley, P. J. 
Gilbert, E. O., Jr. 
Goebel, R. C. 
Goetzenberger, R. L. 
Greenwald, D. J., Jr. 
Hankes, E. J. 
Hare, E. T., Jr. 
Haselberger, R. E. 
Hendry, W 
Herrick, O. A. 
Holtby, F. 
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Jernberg, E. H. 
John, E. T. 
Johnson, V. A. 
Jones, W. Deets 
Koontz, L. B. 
Krantz, ©. J. 


MacFarlane, Wa, 
Mark, M. 

Marks, A. A., Jr. 
Medlin, J. W. 
Merrell, F. L. 
Meyer, A. F. 
Miller, J. C. 
Ovestrud, M. 
Perkins, R. L. 
Peterson, H. L. 
Pittelkow, L. A. 
Powell, K. A. 
Priedeman, G. W. 
Rank, H. is 
Roberts, J. E. 
Robertson, B. J. 
Rowley, F. B. 
Kyan, J. J. 
Sandgren, M. A, 
Severson, A. M. 
Shoop, C. F. 
Shultz, E. O. 
Smith, L. L. 
Sprague, L. CO. 
Stephenson, D. Q. 
Straub, L. G. 
Sundell, S. S. 
Thayer, P. W. 
Thomas, D. F. 
Underwood, O. M. 
Vanselow, J. C. 
Warmington, T. J. 
Watson, H. H. 
Williams, H. O. 
Winter, R. G. 
Wunderlich, M. S. 


MONTGOMERY 
Minnesota Section 
Rynda, J. T., Jr. 


OSAKIS 
Minnesota Section 
Apelgrain, M. D. 
ROCHESTER 
Minnesota Section 
Roesler, D. G. 


ST. PAUL 
Minnesota Section 


Barthelemy, O. R. 
Caswell, T. B. 
Curry, E. B. 
Elsner, W. H. 
Erskine, W. H. 
Fischer, H. L. 
Howard, E. S. 
Jungbauer, J. J. 
Koepke, C. A. 
Lawatsch, F. R. 
Lierboe, L. L. 
Mahle, H. N. 
Nichols, H. R. 
Prosser, R. G. 
Robinson, P. D. 
Rose, F. W. 
Schwalbe, Re: 
Shallenberger, G. G. 
Shannon, W. R. 
Shimazaki, T. T. 
Stark, M. J. 
Staude, E. G. 
Sternal, N. J. 


Whitson, Rus! 


TWIN VALLEY 
Minnesota Section 
Grutle, R. O. M. 


WINONA 
Minnesota Section 
Harkenrider, R. J. 
WYOMING 
Minnesota Section 
Bakule, CO. V. 


MISSISSIPPI 


BILOXI 
Elliott, J. E., Jr. 


CAMP SHELBY 


Arai, T. 
Loewen, E. G. 
Mooney, D. D. 


CLEVELAND 
House, C. P., Jr. x 


COLUMBIA 
Suman, J. R., Jr. 


COLUMBUS 
Trayler, W. A., Jr. 
CORINTH 


McCoy, M. C. 
Varnado, O. D. M. 


GULFPORT 
Matena, P 
HATTIESBURG 


Patterson, C. B. 
Samuel, E., Jr. 
Squeo, J. R. 


JACKSON 


Mills, F, S. 
Penn, W. H. 
Rogers, E. L. 


KEESLER FIELD 


Bentivegna, A. F. 
Goldberger, R. S. 


LAUREL 


Grady, E. G. 
Pettingill, F. M. 


LOUISVILLE 
Thompson, W. H. 


MERIDIAN 
Quinnelly, J. L. 
NATCHEZ 


Heilberg, H 
Skees, L. E. 


PASCAGOULA 
Cook, F. C. 

STARKVILLE 
Carpenter, R. C. 


STATE COLLEGE 


Freeman, M. L., Jr. 

eee a G., ‘Ir. 

Neal, 
VICKSBURG 


Ginter, J. E. 

Harz, J., II 

Ramey, J. R., Jr. 

Stepan, T. E. = 

Strahan, C. E., Jr. 

Williams, J. R. 
WEST POINT 


Lee, G. G. 


YAZOO CITY 
Butler, R. M. 


MISSOURI 


BONNE TERRE 
St. Louis Section 
Sicka, L. T. 


CAMP CROWDER 


Bremmer, J. L. 
Elfors, R. A. 
Steckler, H 


CARTHAGE 
Kirchner, C. 0. 


CENTRALIA 


Baskerville, R. J. 
Linde, L. J. 
Vance, W. L. 


CLAYTON 


St. Louis Section 
Ondr, J. O:, Jr. 


_. FT, LEONARD WOOD 


COLUMBIA 


Bolstad, M. M. 
Deal, E 
Farber, E. A. 
Miller, W. H. 
Seorah, R, L. 
Smith, E 


Bailey, R. D. 
Bourne, R. G. B. 
Lindley, K 

Suss, L. L. 


GRANDVIEW 
Kansas City 
Jones, F. E. 


JEFFERSON 
BARRACKS 


Mackie, J. W., Jr. 


JOPLIN 


Citron, E. H. 
Drewelow, E. J. 
Trey, G 


KANSAS CITY 
Kansas City Section 


Albert, C. E. 
Alley, K. G. 
Atherton, H. B. 
Atwater, H. A. 
Barzen, R. G. 
Booy, J. E. 
Boyer, G. OC. 
Bradbury, G. V. 
Brown, OC. E. 
Brown, H. L. 
Burnham, C. H. M. 
Cheasley, T. C. 
Cotter, C. 

Crain, H. L. 
Dahms, A. A. 
Denton, A. P. 
Dorow, R. 0. 
Downes, N. W. 
Essex, T. J. 
Eubank, ©. N. 
Evans, P. D. 
Farrell, J. M. 
Forsythe, A. V. 
Gault, C. E. 
Goland, M. 
Goodison, L. E. 
Grasse, H. 
Green, E. 0. 
Grow, H. B. 
Grube, C. W. 
Gupton, T. 
Hadley, S. A. 
Hagstrom, J. E. 
Halden, H. O. 
Harclerode, J. R. 
Haynes, J. M. 
Hendrickson, E. L. 
Holt, C. C 
Horsley, S. 
Howard, E. E. 
Hughes, E. L. 
Hunter, F. R., Jr. 
Jennings, J. T., Jr. 
Johnson, D. V. 


Kirkpatrick, a Ww. 
Kirkwood, A. ©. 


Lowry, P. M. 


McCarthy, E. sg. 
McDonald, E. L. 
McPherson, 1 ofp 
Miller, N. L. 
Moncrief, E. 
Moon, R. M. 
Mooney, W. 
Mullen, G. H. 
Mullergren, A. L. 
Myers, G. A. 
Nottberg, H., Jr. 
Orth, H. R. 
Ostrom, E. A. 
Otis, W.. G. 
Phillips, W. B. 
Pritchard, J. F. 
Pro, G 
Reintjes, G. 124 
Rhinehart, J. R. 
Schroer, G. J. 
Schuster, M. R. 
Scott, R. J. 
Sefcik, E. F. 


Shoemaker, G. T. 
Springe, W. 
Stolz;* PR. L: 
Strickland, F. H. 
Sullwold, R. H. 
Thomson, R. R. 
Veatch, N. T., Jr. 
Vermillion, V. V. 
Watson, R. H. 
Weisbein, J. 
Welsh, J. R. 
Whiteside, V. 
Williams, R. K. 
Williamson, H. W. 
Winters, R. 
Woodson, R. D. 
Zeskey, O. R., Jr. 


KIRKWOOD 
St. Louis Section 
Hamaker, J, D. 
Neubert, R. L. 
MEXICO 
Green, A. P. 
Smith, C. A. 
MONETT 
Cannady, E. E, 


NORMANDY 
St. Louis Section 
Smith, H. T. 
Zucchero, J. E. 


NORTH KANSAS 
cITY 


Kansas City Section 
Hartman, E. E. 


POPLAR BLUFF 
Wolpers, H. M. 


RICHMOND 
HEIGHTS 


St. Louis Section 
Groff, W. CO. 


RIVERMINES 
St. Louis Section 
Murphy, B. F., Jr. 


ROBERTSON 
St. Louis Section 
Clark, T. C., Jr. 


ROLLA 


Kilpatrick, A. V. 
Miles, A. J 


ST, CHARLES 
St. Louis Section 
Clarke, A. W. 


ST. JOSEPH 
Kansas City Section 


Harrison, E. B. 
Landon, D. 
Strike, J. M. 
Ward, C. Q. 
Ward, J. H. 
Wilson, E. E. 


ST, LOUIS 
St. Louis Section 


Albert, J. A. 
Andrew, L. R. s 
Ballauer, A. ©. 
Barrett, A. E. 
Bascom, J. H. 
Beck, C. E. 
Benner, L. H. 
Berger, F. A. 
Best, J. L. 
Bird, R. C. 
Bliss, W. O. 
Branch, A. M. 


Campbell, R. D. 
Carter, J. H. 
Colley, C. J. 
Compton, R. B. 
Constable, T. A. 
Copp, R. 

Corby, J. B. 
Craft, H. W. 
Crenshaw, B. W. 
Crooks, W. A. 


Danielsen, J. E. 
Dawson, M. D. 
Day, L. A. 

Dean, F. H. 
Dobyne, S. A. 
Eckert, A. C. 
Evans, G. B. 
Evans, L. E. 
Ewart, W. M. 
Fieweger, G. 
Flad, E. 

Fox, C. S. 
Fremon, E. B. 
Frentzel, G. M. 
Gary, F. P. 
Gazzam, J. P. 
Gettinger, L. A. 
Glick, A. E. 
Green, F. W. 
Greeson, E. O. 
Gross, L. 

Grove, P. F. 
Gruendler, W. P. 
Gygax, E. E. 
Haines, H. A. 
Hall, C. 

Hamann, ©. H., Jr. 
Hammerstein, H. K. 
Harris, W. J., Jr. 
Haskin, J. R., Jr. 
Hassler, F. R. 
Hecker, H. K. 
Helpbringer, J. N. 
Henderson, 
Henning, H. C. 
Hetherington, C. F. 
Hibbeler, OC. L. 
Hibbeler, G. L. 
Hoffman, G. A. 
Howell, A. K. 
Hughins, G. R. 
Jackson, J. R. 
Jaschka, J. H. 
Jones, R. C. 
Jubel, H. A. 
Kaeufler, OC. W. V. 
Keenan, W. T., Jr. 
Kerbey, E. A. 
Kiesel, G. F., Jr. 
Klaus, J. W. 
Kleffel, H. E. 
Koenig, L. R. 
Kothe, H. B. 
Kothe, 0. W. 
Kothe, R. B. 
Kraft, L. L. 
Kuehling, I. V. 
Kuenzel, H. 
Kumming, E. 
Kurth, C. H. 
Langsdorf, A. S. 
Larkin, D. 
Leonard, D. G. 
Leussler, A. J. 
Lien, A. T. 
Lvepker, F, N., Ill 
Lyle, J. McK 
Maag, J. M. 
McAulay, F. L, 
McClellan, W. 
Meiners, BE. B 
Menner, F. 
Merrell, S. A. 
Miltenberger, G. K. 
Mitchell, R. B. 
Monseth, LEAS 
Morrell, L. W. 
Morse, H. S. 
Moss, H. K. 
Murray, E. W. 


A. 
Pahmeyer, F. 0. 
Parmely, J. C. 
Pattiz, G. B. 
Pease, R. M. 
Pflager, H. M. 
Pharo, O. W. 
Picco, P. J. 
Radcliffe, J. C., Il 
Ratushinsky, W. G. 
Rilliet, J. L. 
Ring, V. P. 
Rohrich, H. A. 


Rosborough, J. Gas Jr. 


Rosing, W. H. 
Ross, F. 
Rottersmann, M. H. 
Rulfs, C. H. 
Ryder, F. W. 
Sager, E. H. 

St. Olair, F. G. 
St. Eve, E. J. 
Sargent, E. R. 
Schainker, A. 
Schlatter, R. 
Schlatter, R. P. 
Schlatter, W. F. 
Schoch, E. F. 
Schwarz, E, A. 
Schwarz, M. 


Schwendener, H. G. 
Seifert, R. F 
Seip, N. W. 
Sieber, J. J. 
Siegerist, W. 
Siegerist, W. L. 
Slade, F. L. 
Speicher, P. J. 
Spenner, F. H. 
Sporleder, E. O. 
Stewart, J. C. 
Stohldrier, L. J. 
Sunnen, J. 
Tenney, E. H. 
Thompson, W. D. 
Tichvinsky, L. M. 
True, M. A. 
Tucker, R. R. 
Urbauer, H. F. 
Vigne, A. 

von Gontard, A. 
von Wehrden, O. F. 
von Wehrden, F. W. 
Wall, A. G. 
Waterman, E. S. 
Webers, H. F 
Weiland, E. 
Welsh, R. W. 
Weltman, A. B. 
Widmer, A. J. 
Ri et) GaN: 
Wilms, H 

Wilson, OC. M. 
Wokurka, E. 0. 
Womack, H. S. 
Wright, R. E. 
Wurdack, H. 
Yungbluth, J. A. 
Zeffren, H. E. 
Zuris, P. 


SPRINGFIELD 
Burk, Je Gs 

SUGAR CREEK 
Kansas City Section 


Holloway, K. J. 
Holzbaur, F. J. 
Larson, G. W. 
Mathews, W. LeR. 
Moore, J. E. 
Smith, H. A. 


UNION 
St. Louis Section 
Pautler, A. C. 
UNIVERSITY CITY 
St. Louis Section 


Frech, H. E., Jr. 
Jacks, W. J. 
Limes, B. L. 
Pepping, R. A. 
Tallman, R. B. 


WEBSTER GROVES 
St. Louis Section 


Morris, ©. T. 
Sample, S. S 


WELDON SPRINGS 
St. Louis Section 
Billings, E. R. 


MONTANA 


ANACONDA 


Goe, J. H. 
Kelley, R. T. 


BIG TIMBER 
Strickland, A. W. 
BOZEMAN 
Gibbs, R. E. 
BUTTE 
Young, P. M. 
CHINOOK 
Lott, H. P. 
COLUMBIA FALLS 
Marantette, L. E. 
GLASGOW 
Rhoades, R. P. 
GLENDIVE 
Dion, F. E., Jr. 


HELENA 
Kruger, W. H. 


207 


AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


NEBRASKA 


ALLIANCE 
Nebraska Section 


Hoper, C. H. 
Selleck, E. D. 


FALLS CITY 
Nebraska Section 
Davies, T. L., Jr. 


GILTNER 
Nebraska Section 
Humphrey, P. E. 


GRAND ISLAND 
Nebraska Section 
Taylor, W 
HASTINGS 
Nebraska Section 
Uehling, V. M. 


KENESAW 
Kammerlohr, H. W. 


LINCOLN 
Nebraska Section 


Barnard, N. H. 
De Baufre, W. L. 
Ludwickson, J. K. 
Luebs, A. A. 
Marcotte, R. L. 
Nelson, D. A. 
Paradiso, S. 
Seaton, L. F. 
Slaymaker, P. K. 
Versaw, W. D. 
Weiland, W. F. 
Yost, R. H. 


MADISON 
Nebraska Section 
Zaura, V. 
MURRAY 
Nebraska Section 
Comstock, J. F. 
NORTH BEND 
Nebraska Section 
Johngon, L. O. 
OMAHA 
Nebraska Section 


Arkoosh, F. G. 
Armstrong, O. A. N. 
Bachman, G. G. 
Botteron, L. K. 
id fea M. L. 
Busch, J., Jr. 
Carroll, * P. 
Clapper, sigue 
Edwards, F. W. 
Galloway, R. M. 
Gerdes, W 


Mann, R. M. 
Moulton, CO. F. 
Nantz, M. E. 
Nunng, E. D. 
Perelman, R., Jr. 


Pratt, O. R. 
Rohrbough, J. O. 


Steel, N. H. 
Walters, F. C. 


SHELBY 
Nebraska Section 
Clark, W. H. 
TABLE ROCK 
Nebraska Section 
Harlow, L. O. 


NEVADA 
BOULDER CITY 
Myhre, E. B. 


EUREKA 
Rebaleati, J. N. 


NEW HAMPSHIRE 


McGILL 
Mansfield, W. M. 


RENO 


Hutton, J. 0. 
Van Dyke, J. R. 


NEW HAMPSHIRE 


BARTLETT 


Green Mountain 
Section 


Jenkins, J. G. 


CENTER SANDWICH 


Green Mountain 
Section 


Larsson, T. L. F. 


CLAREMONT 


Green Mountain 
Section 


Osgood, C. F. 


CONCORD 


Green Mountain 
Section 


Hadlock, W. K. 

Waymouth, G. W. 

Willoughby, V. R. 
DOVER 


Green Mountain 
Section 


Cummings, O. D., Jr. 


DURHAM 


Green Mountain 
Section 


Donovan, E. T. 

Kauppinen, T. S. 

Nye, E. P. 

Seeley, L. E. 

Webber, L. E. 
GREENVILLE 


Green Mountain 
Section 


Flitner, D. P. 


HANOVER 


Green Mountain 
Section 


Ermenc, J. J. 
Moulton, R. G. 
HUDSON 


Green Mountain 
Section 


Holt, ©. W., Jr. 


KEENE 


Green Mountain 
Section 


Reuter, O. E. 


LACONIA 


Green Mountain 
Section 


Killam, K. A. 
McLaughlin, R. J. 


LEBANON 


Green Mountain 
Section 


Garrett, E. H. 
Tomkinson, S. E. 


MANCHESTER 


Green Mountain 
Section 


Bensinger, S. M. 
Hunt, S. P. 
Jerauld, O. T. 
Scott, W. B. 
Szepan, Tei 194 


NASHUA 


Green Mountain 
Section 


Ahrens, H. R., Jr. 
Clement, W. D. 
Hayes, E. B. 


NEW HAMPSHIRE 


PENACOOK 


Green Mountain 
Section 


Colby, OC. E. 


PETERBOROUGH 


Green Mountain 
Section 


Daniels, A. N. 


PORTSMOUTH 


Green Mountain 
Section 


Downing, H. F. 


SOMERSWORTH 


Green Mountain 
Section 


Jackson, H. O. 


STRATHAM 


Green Mountain 
Section 


Wakefield, F. I. 
WILTON 


Green Mountain 
Section 


Abbott, W. G., Jr. 


NEW JERSEY 


ALDENE 
Plainfield Section 
Stillman, A. F. 


ALLENHURST 
Metropolitan Section 
Haaren, O. F. 


AMPERE 
Metropolitan Section 
Henderson, R. H. 
Rathe, A 

ANDOVER 
Metropolitan Section 
Horton, R. D. 


ARLINGTON 
Metropolitan Section 


Bentey, T. J. 
Cameron, J. R. 
Chelgren, W. J. 
Goodwin, L. 
Gunther, C. 
Kennedy, E. O. 
Kerr, J. H. 
Kessler, M. 
Knox, S. L. G. 
Lawson, W. O. 
Llewellyn, W. E. 
MclIlhenney, W. 
Pattershall, D. S. 
Zeppenfeld, O. W. 
Zeppenfeld, S. D. 


ASBURY PARK 
Metropolitan Section 
Ketchel, J. R. 


ATLANTIC CITY 
Philadelphia Section 
Ledsham, W. H. 
Strouse, B. H. 
AUDUBON 
Philadelphia Section 
O’Brien, D. G. 
BARBER 


Metropolitan Section 


DiSanto, B. J. 
Glas, A 


BARTLEY 
Metropolitan Section 
Hardy, R. J. 
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BAY HEAD 
Metropolitan Section 
Elmer, W. 


BAYONNE 
Metropolitan Section 


Atkinson, V. L. 
Baechlin, A. O©., Jr. 
Bailey, D 
Balogh, S. I. 
Buschmann, P. T. 
Cross, L. F., Jr. 
Frankenfield, O. W. 
Frigiola, N. F. 
Gagnebin, A. P. 
Gamble, W. W. 
Garson, T. N. 
Hammond, J. D. 
Krol, P. F. 
Leavitt, G. E., Jr. 
Mack, J. J., Jr. 
McIntyre, M. 
Mitchell, H. oO. 

WwW. 


Stanfield, R. S. 
Darzy,A. Rs 
Transou, A. J. 


BEDMINSTER 
Metropolitan Section 
Beekman, H. M. 


BELLEVILLE 
Metropolitan Section 


Alpaugh, J. O., Jr. 
Ball, W., Jr. 
Bayles, O. B. 
Bush, W. W. 
Clark, G. C., Jr. 
Corbett, C. H. 
Doring, W. F., Jr. 
Joeckel, S. V. 
Klotz, W. 

Niclaus, W. L. 
Norcross, G. F. 
Ogur, E. 
Olschner, H. J. 
Orsini, A. 

Palmer, L., Jr. 
Schmidlin, A. E, 
Wilkens, J. A. 
Woolley, H. O., Jr. 
Zarnowski, F. 3) 


BELMAR 
Metropolitan Section 


Birdsall, H. 0. 
Frazier, Q. 
Gordon, A. 
Kaprelian, E. K. 
Stoecker, R. J. 
Zorwitz, J. 


BERNARDSVILLE 
Metropolitan Section 


Byer, H. E. 
Frost, R. B. 


BLOOMFIELD 
Metropolitan Section 


Arey, H. R. 
Bayles, W. H. 
Buckalter, R. I. 
Ciricillo, S. F. 
Oygan, R. 
Downey, S. F., Jr. 
Drogue, J. A. 
Dunnican, G. W. 
Foote, W. R. 
Gesell, W. H. 
Haskin, L. H., Jr. 
Hazard, O. S. 
Herbst, R. S. 
Johnson, W. E, 
Karsten, W. F. R. 
Knaus, W. L. 
Levenhagen, F. H. 
Loewen, W. L. 
Male, R. LeF. 
McLenegan, D. W. 
Meyerhaus, R. H. 
Miller, W. A. 
Nascenzi, F. L. 
Plass, R. H. 
Price, T. 
Roessler, E. W. 
Rossmann, P. F. 
Singer, J. H. 
Sollmann, O. H. 
Spofford, W. A. 
Teague, H. M. 
Tucker, OC. L. 
Unkles, E. H. 
Urban, F. O. 


BOGOTA 
Metropolitan Section 
Wyburn, W. 


BORDENTOWN 
Philadelphia Section 
Delaney, J. J. 


BOUND BROOK 
Plainfield Section 


Abrens, O, 
Andres, G. J. 
Austin, R. S. 
Bartlett, R. W. 
Bean, ©. H. 
Bigelow, O. M. 
Brunyate, W. R. 
Carey, R. H. 
Davidson, J. I. 
DeVilbiss, T. A. 
Greenwood, L. E. 
Gunderson, G. O. 
Guyette, D. F. 
Hebenstreit, OC. G. 
Heinz, W. B. 
Horne, A. W. 
MeMurray, J. H. 
Moffatt, C. R. 
Phyl, J. 

Reeve, K. A. 
Rohrhurst, W. 
Siemon, K. 0. 
Thornton, H. E. 
Traut, F. L. 
Yaroshuk, W. R. 


BRADLEY BEACH 
Metropolitan Section 
Trey, G. R. 


BRANCHVILLE 
Metropolitan Section 
Harper, G. B. 


BRIDGETON 
Philadelphia Section 


Bass, G. E. 
Overton, W. J. 
Stotter, A. H. 


BURLINGTON 
Philadelphia Section 


Abercrombie, W. T., Jr. 
WwW. 


Goheen, R 
Haacker, O. W. 
Hoffer, H. A. 
Inwright, J. A. 
Karg, W. E. 
Steinsieck, J. M. 


BUTLER 
Metropolitan Section 
Wade, E. A. 


CALDWELL 
Metropolitan Section 


Africano, A. 
Anderson, E, L. 
Barta, J. E. 
Booton, G. H. 
Braithwaite, W. M. 
Brigham, W. E., Jr. 


Kalustian, E. 
LeBarre, F., Jr. 
Le Compte, F. M. 
Peterson, W. J. 
Schulte, W. C. 
Sepic, J. B. 
Wood, O. R. 


CAMDEN 
Philadelphia Section 


Airston, A. J. 

Blair, J. A. 

Bower, H. S. 

Boyd, W. W. 
Bradshaw, G. V., Jr. 
Brousseau, KE, W 
Campbell, D. S. 


Fitts, J. L. 
Yrankhouser, E. V. 
Ginsparg, J. O. 
Goble, G. H. 


Harbeson, J. Pe Jr. 


Hilderbrand, E. A. 
Hutchinson, D. M. 
Hynes, L. P. 
Jacobs, L. 
Jorgensen, W. 
Kearney, H. M. 
Laiming, H. J. 
Langworthy, W. P. 
Leigh, E. D. 
Lipman, R. N. 
Lofft, W. A. 
Longmaid, S. E. 
Marshall, H. F. 
Miller, J. F. 
Mueller, O. A. 
Orloff, S. 
Pawlowski, B. J. 


Schock, H. E., Jr. 
Stewart, J. G. 
Teaf, J. H. 
Turner, use 0. 
Wachs, T. 
Weissbach, E. A. 
Werley, H. R. 
Weschler, W. S. 


CARLSTADT 
Metropolitan Section 
Maguth, F. J. 


CARNEYS POINT 
Philadelphia Section 
Barto, M. J. 


CARTERET 
Plainfield Section 


Everett, R. W. 
Hilbert, W. M. 
Popiel, R. 


CHATHAM 
Metropolitan Section 


Brownscombe, P. J. 
Geisel, C., Jr. 
Howard, W. M. 


CLIFFSIDE PARK 
Metropolitan Section 


Chambellan, R. E. 
Di Lorenzo, F. J. 
Parma, E. J. 
Seidler, M. F. 
Smyth, S 


CLIFTON 


Metropolitan Section 


Beischer,G. M. 
Guenther, M. J., Jr. 
Higbie, V. 

Jaxon, L. H. 
Kaplan, E. S. 
Koenig, L., Jr. 
Northup, R. W. 


COYTESVILLE 
Metropolitan Section 


Hamilton, T. H. 
Sikosek, F. J. 


CRANFORD 
Plainfield Section 


Brescka, R. S. 
Garden, J. MacK. 
Gillespie, C. W. 
Miller, E. H. 
Spencer, F. O. 
Whittaker, H 


DEEPWATER 


Philadelphia Section 


Daudt, L. R. 
Harmstad, J. E. 
Parsons, H. L. 
Stradley, G. O., Jr. 
Thompson, O., Jr. 


DELAIR 
Philadelphia Section 
Bowers, R. H. 


DOVER 
Metropolitan Section 


Caporaso, J. R. 
Crane, H. O. 

De Luca, A. P. 
Lukens, W. L. 
Mailler, J. P. 
Rutkovsky, H. D. 
Thuerk, H. ©. 
Wallace, A. L. 
Willett, F. M. 
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DUNELLEN 
Plainfield Section 
Richmond, E. L. 
Schwartz, A. A. 
EARLE 
Metropolitan Section 
Nieman, H. O. 


EAST NEWARK 
Metropolitan Section 
Berry, G. W. 
Betzler, H. W. 
Jelleme, W. O. 

EAST ORANGE 
Metropolitan Section 
Armstrong, C. E. 


Neff, J. P. 
Praner, J. A. 
Reilly, J. H. 
Rowley, W. R. 
Stewart, E. A. 
Tallmadge, W. 
Thomson, A. Mack, 
Tillquist, D. E. 
Turno, G. 

EAST PATERSON 
Metropolitan Section 


Shayne, A, 


EAST RUTHERFORD 
Metropolitan Section 

Cawley, G. 

Nankivell, J. E. 

Peter, B. H. 

Zinn, H. R. 

EATONTOWN 

Metropolitan Section 


Balcom, J. A. 


EDGEWATER 
Metropolitan Section 
Letterman, F. L. 


ELIZABETH 
Plainfield Section 


’ Badeau, O. A. 


Bates, D. P. 
Bauer, J. L. 
Bonnett, L. B. 
Caruthers, E., Jr, 
Chaffe, W. H. 
Conran, F. M. 
Daubner, R. E. 
Dunne, 8. B. 
Eberle, F. H. 
Ely, A. J. 
Fetske, W. A. 
Foster, J. S. 
Fox, F. W. 
Gibson, H. D. 
Gilliam, H. H. 
Glimm, W. F. 


Mackay, G@. W. 
Matheisel, R. A., Jr. 
Metzner, B. CO. 
Milazzo, J. 
Moore, H. F. 
Newcomb, F. LeR. 
Nulle, J. H. 
Nydegger, P. F. 
Oestnaes, V. L. 
Osterman, P. C, 
Peets, W. J. 
Pegler, J. L. 
Ritter, H. 
Schalscha, W. G. 
Schnackel, H. C. 
Steele, T. W. 
Teitelbaum, A. 
Thompson, W. H. 
Tyroff, C. E. 
Walmsley, G. 
Wilson, W. G. 


ELIZABETHPORT 
Plainfield Section 


Chason, D. H. 

Dixon, W. 

Melzig, A. H. J. 

Nohse, W. R.’E. 

Young, G. O. 
ENGLEWOOD 

Metropolitan Section 


Bates, O. J. 
Black, D. R. 
Cummiskey, W. M. 
Johnson, N. CO. 
Leach, 0. H. 
Roberts, a Grae = 
Taplinger, J. R. 

FAIR LAWN 
Metropolitan Section 


Burke, A. J. 
Heinrich, C. J. 
Simpson, J. H. 
FANWOOD 
Plainfield Section 
Wilson, J. P. 


FLEMINGTON 
Metropolitan Section 
Dunbar, N. O. 


FLORENCE 
See Section 


Brown; W. 
Erhardt, we a0 


_-FORDS 

Plainfield Section 
Fritz, ©. 
Kuprick, W. 

FT, DIX 

Philadelphia Section 
Aviza, J. J. 
Hultberg, A. J. 
Kuszezak, L 
Neilson, G. E. 

FT. MONMOUTH 
Metropolitan Section 
Cauble, G. B. 

Sauby, W. O. 
FREEHOLD 
Metropolitan Section 

Roome, G. R. S. 


GARWOOD 
Metropolitan Section 
Bowen, W. S. 


GIBBSTOWN 
Philadelphia Section 


Jennings, U. P. 
Ruddick, R. B. 


GLASSBORO 
Philadelphia Section 
Ferguson, R. B. 


GLEN GARDNER 
Metropolitan Section 
Heckman, D. A. 


GLEN RIDGE 


Boyd, W. W. 
Whitesel, H. A. 


GLEN ROCK 
Metropolitan Section 
Taylor, K. H. 


GLOUCESTER CITY 
Philadelphia Section 
Wegener, F. A. 


GRASSELLI 
Plainfield Section 


Heger, E. F. 
Zepht, E. E. 


_ HACKENSACK 
Metropolitan Section 


immerman, H, T. 
| HACKETTSTOWN 
Metropolitan Section 


“Chenoweth, G. M., Jr. 
irschberg, O. A. 


_ HADDONFIELD 
| Philadelphia Section 


ley, P. 
ith, W. E. 


j HADDON HEIGHTS 


I Philadelphia Section 
: merhoff, H. H. M. 


| Metropolitan Section 


‘Beling, J. K. 
i HARRISON 


| Metropolitan Section 


| Alexander, Miss B. W. 
Allen, R. P. 


|) Assaykeen, I. V. 


a 


Borchardt, A. H. 
Clement, G. P. 
Oollar, C., Jr. 
Davis, Mies L. F. 
Diserens, P. 


Karassik, I. J. 
Lancaster, J. E. 
| Littlefield, W. V. 
» Mallon, D. J. 
McBath, B. R. 
McDonald, D. E. 
: Mockridge, Osis 


|] Moodie, W. 0. 


Nardone, P. 
Naughton, F. U., Jr. 


|) Oschwald, A., Jr. 
| | Otterbein, M.’E. 


_ Palmer, Vv. M., Jr. 
_ Peterson, A. I. 
i Pyne, F. S. 

Raborg, J. H. 
" Reynell, 0. 
Rives, T. McD., Jr. 
Schwanhausser, E. J. 
Sizer, W. D. 
peaneon, N. E. 
Uhde, W. 
* Viahakes, J. L. 
~ Voss, W. F. 
' Waddell, ©. L. 
- Watson, R. M. 
_ Wright, E. F. 


7 HAWTHORNE 
: Metropolitan Section 
4 


Fi 


rots 


_ Pfromm, J. M. 
HIGH BRIDGE 


_ Alexander, E. E. 


Hanks, G. R. 
| Stires, W. H. 


HIGHLAND PARK 
Metropolitan Section 
Meseroll, V. F. 


| HILLSIDE 


if Metropolitan Section 


Anderson, T. 
Brengel, F. J 


| Fimbel, P. N. 


, Goryl, W. M. 
* Hebler, w. O. 


oo PARK 


Strecker, C. E. 
Willson, T. E. 


HOBOKEN 
Metropolitan Section 


Arnoldi, R. A. 
Ashton, R. 
Bailey, R. R. 
Bilyk, M. H. 
Crawford, E. A. 
Cuddeback, A. E. 
Dalessio, J. 
Danatos, S. 
Davidson, K. S. M. 


Fezandié, E. H. 
Furutani, G. J. 
Gunther, C. 0. 
Gustavsen, E. 
Heitz, R. L. 
Hugli, W. C., Jr. 
Johns, H. B. 
Jones, R. M. 
Juelss, D. 
Keuffel, A. W. 
Keuffel, C. W. 
Kimmich, H. S. 
Klein, B. A. 
Knopp, W. V. 
Koenig, E. H. 
Kotar, F. J. 
Levine, A. 
Lewisohn, R., Jr. 
MeNear, W. F. 


Pohl, R. G. 
Rodriguez, O. J. 
Scavullo, J. J. 
Smack, Sais 
Sperry, E, A., Jr. 
Sutherland, W. H. 
Vogel, E. 

Weber, F. A. 


HOHOKUS 
Metropolitan Section 


Christie, R. W. 
Miedendorp, H., Jr. 


HOPATCONG 
Metropolitan Section 
Bronk, A. H. 


IRVINGTON 
Metropolitan Section 


Ashcroft, H., Jr. 
Bonanno, J. L 
Davenport, G. 
Eberhardt, H. E. 
Eberhardt, W. C. 
Gloss, E. A. 
LaTour, F. G, 
Lauer, A. W., Jr. 
Moesinger, F., Jr. 
Pettit, J. L. 
Pickett, L. 
Rudiger, B. W. 
Schantz, E. A. 
Svenson, R. H. 
Turner, L. 
Wasser, R. 
Zademach, E. R. 


JERSEY CITY 
Metropolitan Section 


Anbro, G. A. 
Angarano, J. A. 
Benzien, F. 
Bliss, C. De K. 
Bouton, E. M. 
Bryant, W. W. 
W. B., Jr. 


Coes Ww. v. Wis 
Crowe, J. J. 
Dalton, T. N. 
Dobkin, H, 
Drucker, J. H. 
Eckert, H. R. 
Fink, M. 

Flar, H. 

Foley, J. A. 
Foster, R. B. 
Francis, E. 
Frank, M. 
Gamberton, J. H. 
Garrison, U. B. 
Glauch, E. S. 
Goerg, E. F. 
Golde, Te Re 
Hodges, J. L. 
Hollowell, J. S. 


Hopkins, R. K. 
Huber, A. L. 
Jacobs, J. A. 
Jones, H. L. 
Keese, D. L. 
Kidd, A. 

Klaus, A. J. 
Konheim, H. 8. 
Kornylak, A. T. 
Koven, G. H. 
Ledgett, L. A. 
Lee, L. O. 
Lichtenstein, Wasnt 
Manny, H. 
Marakalte ‘D. MeM. 
Mayers, M. A. 
Moro-Lin, J. J. 
Mrvosh, J. 
Nichols, C. R., Jr. 
Nickelsen, O. J. 
Nott, A. J. 
Nygren, J. 
Oakley, A. W. 
Q’Brien, J., Jr. 


Pozarycki, Hands 
Reddert, E. J. 
Ross, A M. 
Rossheim, D. B. 
Salemme, V. J. 
Sartorius, W. 
Scarano, R. M. 
Schoerke, D. A. 
Schwartz, A. 
Scott, Ww. E. 
Simpson, R. H. 
Spray, E. L. 
Svenson, E. B. 
Tompkins, H. D. 
Troger, G. F. 
Ulrich, F. L. 
Zahka, A. G. 
Zullo, S. 


KEARNY 
Metropolitan Section 


Abbott, R. LeM. 
Aborn, R. H. 
Alden, J. L. 
‘Ashworth, BANS 
Banton, M. W. 
Bauder, B. E. 
Bessemer, M. E. 
Charlesworth, R. B. 
Coleman, K. 8S. 
Corbett, OC. W. 
Dolesh, F. J. 
Fegel, A. C. 
Foster, N. S. 
Franz, E. E. 
Gibbons, P. L. 
Gioia, J. C. 
Girardi, G. 

Gore, R. T. 
Griffin, G. 
Holmberg, ©. G. 
Katelus, G. J. 
Kutzelman, E. G. 
Mayo, A. R. 
McCarthy, R. H. 
Menkes, S. B., III 
Merwin, H. H. 
Michal, F. W. 
Morris, B. F. 
O’Gureck, R. M. 
Quackenbush, W. R. 
Rahikka, R. E. 
Roeder, G. P. 
Roscoe, H. W. 
Schenk, E. M. 
Semble, S. 

Shopp, ©. J. 
Sievers, E. J. J. 
Smith, R. C. 
Spencer, KOs Ir. 
Tenety, J., Jr. 
Troger, H. H. 
Volekhausen, W. J. 
Waters, D. V. 
Weaver, O. R. 
Wilkinson, A. S. 
Zeliff, D. E 


KENILWORTH 


Plainfield Section 
Barker, V. D. 


KEYPORT 
Metropolitan Section 
Wisnik, J. 

LAKEHURST 
Bailey, W. H. 
Hillendahl, W. H. 
Snow, R. M. 
LEONIA 

Metropolitan Section 


Ayars, W. S. 
Eden, F. L. 


- Eger, G. W., Jr. 


LINDEN 
Plainfield Section 


Allen, R. M. 
Carpenter, M. S. 
Goss, R. J 
Greenfield, B. 
Grygotis, W. J. 
Heffernan, W. H. 
Hubeny, F. G. 
Isles, F. W. 
Kurzinski, E. F. 
Lawrance, ©. L. 
Lichtenstein, I. 
Pennock, D. W. 
Potter, J. D. 
Priff, G. N. 
Solomon, J. W. 
Spooner, F. M. 
Ur, J 


LINWOOD 


Philadelphia Section 
Trethaway, W., Jr. 


LITTLE FALLS 
Metropolitan Section 
Denzler, R. E. 


LYNDHURST 
Metropolitan Section 


Boettiger, R. W. 
Bravo, D. S., Jr. 
Fuhro, A. A. 

Hawkins, A. E. 


Meinhart, F. sa 
Savage, K. 
Scelba, A, J. 

Soderberg, S. 
MADISON 
Metropolitan Section 

Guggenheim, S. F. 

Olofson, E. OC. 
MAHWAH 

Metropolitan Section 


Martinson, R, A. 
Thornton, A. F 
Wilson, R. L. 


MANVILLE 


Plainfield Section 


Bradley, OC. B. 
Heisler, R. W. 
Koch, H. G. 
Sargent, R. N., Jr. 
Terry, OC. G., Ill 


MAPLEWOOD 


Metropolitan Section 


Appe, R. O. 
Carlton, J. R. 
Carroll, P., Jr. 
Cullen, W. J., Jr. 
Darby, J. 
Rhorhante Uses. 
Hesse, 

Hunter, OC. W., Jr. 
Leonard, M. Ww. 
Maxwell, H. S. 
Rausch, V. H. 
Richardson, G. P. 
Rohrer, A. L. 
Vassar, H. S. 


MATAWAN 


Metropolitan Section 
Fidelius, W. R. 


MAYWOOD 
Metropolitan Section 
Bruns, R. S., Jr. 


MERCHANTVILLE 
Philadelphia Section 


Gagliardi, F. A. 
McQuilkin, G., Jr. 
Robeson, P. B. 


METUCHEN 
Plainfield Section 


Kingman, W. W. 
Miller, E. E. 
Neumann, A. 
Peterson, A. W. 
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MIDDLEBUSH 
Metropolitan Section 
Conover, G. W., Jr. 


MIDDLESEX 
Metropolitan Section 
Branin, F. S. 


MILLBURN 
Metropolitan Section 


Brice, N. E. 
Fay, O. H. 
Nelson, P. H. 
Sampson, R. G. 
Staub, M. H. 


MILLTOWN 
Metropolitan Section 


Herbert, J. S. 
Keller, L. F. 
Ness, I. S. 


MILLVILLE 
Philadelphia Section 


Krause, J. L. 
Latham, G. R., III 
Lewis, D. D. 
Mason, J. R. 

West, R. F. 


MONTCLAIR 
Metropolitan Section 


Allen, F. B. 
Braine, B. 
Forstall, A. E. 
Gilbreth, L. M. 
Hull, R. D. 

lliff, W. L. 
Jacobus, D. 8S. 
Kaveny, J. G. 
Kent, R. T. 
Klein, R. 
Lawrence, R. A. 
Melcher, ©. H. 
Persak, G., Jr. 
Prudden, P. D. 
Rigdon, ©. 
Schlachter, C. H. 
Sherman, G. L. 
Turner, W. W., Jr. 


MOORESTOWN 
Philadelphia Section 
Atkinson, J. H. 
Nichols, E. B. 

MORRIS PLAINS 
Metropolitan Section 
Gutzwiller, E. ©., Jr, 


MORRISTOWN 
Metropolitan Section 


Fitzpatrick, J. T. 

Harding, A 

Kihn, W. J. 

Kosley, R. W. 
MOUNTAIN LAKES 
Metropolitan Section 


Beck, O. W. 

Borcherdt, W. 0O., Jr. 

Brock, F. O. 

Thompson, O. O, 

Vincent, A. S. 

Wilson, J. R., Jr. 
MOUNTAINSIDE 

Metropolitan Section 


Spainhour, O. D. 


MT, HOLLY 
Philadelphia Section 
Denworth, H. 8S. 


MT, TABOR 
Metropolitan Section 
Hickerson, F. R. 


MURRAY HILL 
Metropolitan Section 


Baratta, H. E. 
Elmer, L. A. 
Shaw, P. A. 
Smith, A. K. 


NEW JERSEY 


NEWARK 
Metropolitan Section 


Adams, H. R. 
Alden, J. D. 
Aldrin, E. E. 
Anderson, O. E. 
Annett, E. B. 
Bartsch, A. G. 
Bauhan, A, E, 
Beltle, W. O., Jr. 
Bennett, J. W. 
Berger, J. G. 
Billings, J. E. 
Birkland, S. 
Blanchard, A. H. 
Bohn, L. G. 
Boniface, J. B. 
Books, T. V. 
Bostock, R. N. 
Breckenridge, F. 
Brinkman, C. F, 


Cassedy, w. F., Jr. 
Chandler, W. 6. 
Coates, Ww. 

Cohan, A, M. 
Conkling, W. O. 

Conran, F, M., Jr. 
Cullimore, A. R. 
Davis, V. F. 

De Bodor, A. 
Diamant, S. 
Dieter, W. 
Dobson, J. G. 
Dong, J. O. 
Douwes, H. B. 
Eberhardt, F. E. 
Eisler, O. 


Fairchild, F, P. 
Farrington, Ss. G. 


Fitzsimmons, J. H. 
Fleming, D. H., Jr. 
Forbes, F. P. 
Foster, E. 
Frohboese, Re H.. 
Frost, V. M. 
Funk, H. J. 
Garey, L. L. 
Gaston, W. I. 
Gay, F. W. 
Golden, R. F. 
Grandin, F. 
Granell, E. C. 


Grosswendt, ORT: 
Haag, H. oh 
Hamilton, S. 
Hansen, A. 
Harrison, L. W. 
Harrison, M. R. 
Hausmann, W. 
Heath, A. R., Jr. 
Heller, E. W. 
Helmstaedter, W. E. 
Henderson, B. D. 
Herron, W. L. 
Hertz, D. B. 
Higgins, J. T. 
Hodgkinson, G. A. 
Holleran, D. J 
Hope, R. DeV. 
Horn, W. 
Huettl, W. A. 
Ingalls, D. 
Jaffe, W. J. 
Jansson, J. H. 
Johnson, R. P. 
Jordan, W. A. 
Kearney, J. G. 
Keener, H. J. 
Keith, P. 
Kennedy, P. S. 
Kielezewski, E. L. 
Kluesener, H. 
Knezo, J., Jr. 
Kubli, R. A. 
Kuttler, J. B. 
La Motte, W. R. 
Lawson, J. T. 
Ledden, E. B. 
Lett, L. N. 


Lipke, L. H. 
Lipschultz, H. L. 
Lipton, M. H. 
Lister, A. 
Loomis, E. G. 
Lotz, L. OC. 
Loutrel, C. H. 
Lusk, S. W. 
Lynn, E. W. 
Matte, H. P. 
McKinty, J. 
Meyer, J. A. 
Meyer, P. 


NEW JERSEY (Newark) 


Nardone, im, M. 
Oladko, Miss H. 


O’Lenick, A. J. 
O'Neill, J. L. 
Otzmann, H., Jr. 
Page, J 5 
Pausin, H. R. 
Peff, I. 

Phelps, F. A. 
Pisarchik, H. @. 
Polaner, J. L. 
Pope, C. J. 
Potter, P. A. 
Prupis, R. I. 
Rabinow, D. 
Rahm, F. W. 
Redmon, J. K. 
Reichert, W. G. 
Reilly, J. W. 
Renton, V. S. 
Runyon, M. E. 
Russell, F. L. 
Sage, D. 
Salmon, P. A. 
Santucci, E. D. 
Schaub, H. W. 
Scher, G 
Scherer, H. A. 
Schneider, T. A. 
Shaw, L. E. 


Signorelli, A. A. 
Skarbek, H. F. J. 
Smith, A. T. 
Smith, Miss I. M. 
Snyder, E. H. 
Soldan, H. M. 
Somers, W. E. 
Thomson, J. S. 
Vasselli, A. J. 
von Fabrice, R. 
Walter, H. E. 
Walton, E. 
Wasserlauf, B. O. 
Watkinson, R. M. 
Watts, R. L. 
Weisberg, H. 
Westin, W. OC. 
White, J. W. H. 
Wiener, M. 
Williams, C. A. 
Wilson, H. R. 
Wood, W. C. 
Woolson, C. G. 
Wottrich, H. 
Wygovsky, R. N. 
Wyllie, J. S. 
Young, D. L. 


NEW BRUNSWICK 
Metropolitan Section 


Anthony, R. L. 
Baier, E. W. 
Bassett, W. G. R. 
Beshers, H. M. 
Blackman, V. C. 
Cejka, J. B. 
Creager, P. S. 
Dunkle, H. H. 
Ferrara, N. 
Franke, K. J. 
Gaum, O. G. 
Goldman, J. H. 
Heath, O. O., Jr. 
Heck, R. C. H. 
Holland, U. C. 
Morgan, B. D. 
Murayama, §S. 
Nichols, A. 
Quackenbush, E. 8S. 
Sadwith, H. M. 
Taub, P. H. 
Waldron, J. H. 


NORTH BERGEN 


Metropolitan Section 


Bonini, J. D. 
Casamento, J. R. 
Cass, L. J. 

Ives, C. B. 
Orlando, P. J. 


NORTH PLAINFIELD 


Plainfield Section 
Grosswendt, C. T. 


NUTLEY 
Metropolitan Section 


Irion, W. 

Nichols, D. K. 
Oakley, H. ©. 
Revere, J. P. 
Warwick, T. M. 
Wilkenfeldt, J. W. 


OAKLAND 
Metropolitan Section 
Hughes, R. G. 


OAKLYN 
Philadelphia Section 
Mengers, C. F. 


ORADELL 
Metropolitan Section 
Grube, W. McQ. 


ORANGE 
Metropolitan Section 


Antalec, F. A. 
Britten, O. R. 
Dickson, O. H. 
Eddy, W. T. 
Fisher, W. W. 
Hutchison, F, P. 
Riegels, O. L. 
Warthman, K. L. 


PALMYRA 
Philadelphia Section 
Fowler, A. J. 


PARAMUS 
Metropolitan Section 
Mackal, H. H. 


PARLIN 
Metropolitan Section 


Braswell, C. C. 
Carell, W. S. 
Cleary, J. W. 
Johns, W. L. 
Johnson, K. H. 
Mahen, K. W. 


PASSAIC 
Metropolitan Section 


Balter, H. M. 
Bradley, F. L. 
Christmann, J. L. 
Daskin, W. 
DenBleyker, E. T. 
Edwards, G. M. 
Gajarsky, J. E. 
Kent, F. J. 
Kleinschmidt, Kees 
Levat, S. 

Lombardi 1 E. F. 
Mcllveen, E. E. 
Murray, A. W. 
Nordt, P. W., Jr. 
Northrup, F. B., Sr. 
Perkins, W. E. 
Scoville, W. E., Jr. 
Sedgwick, E. H. 
Starke, W. W. 


PATERSON .- 
Metropolitan Section 


Constantino, 0. Ss. 
Cook, J. W. 
Czekalski, W. M. 
Davis, B. H. 
Dement, M. E. 
Demougeot, M. G. 
Douglas, F. S. 


Erdman, F. “HL 
Farr, E. M. 


Fayerweather, Ea 0. or. 


Fernald, H. B., Jr. 
Ferris, J. R. 
Fisher, R. H. 
Frost, E. 
Gagg, R. F. 
Good, H. J. 
Greene, R. S. 
Gruenberg, O. C. 
Harris, M. F. 
Heath, W., Jr. 
Hegge, J. i ce Jr. 
Hill, O. St. J. 
Hugenbruch, E. R. 
Jacobus, W. W. 
Jaqua, G. R. 
Kittredge, J. M. 
ses) Weeks 
Light, S. J. 
Lommel, R. G. 
Losson, Ww. L. 
Mathes, E. 
Mendelson, I. 
Miller, D. J. 
Miller, J. E. 


Moolhuyzen, T. 
Morrison, CO. W 
Moyer, O. R. 
Mullis, C. M. 
Naughton, J. F. 
Nazzaro, R. M. 
Perry, M. F. 
Pfeifer, H. J. 
Pilgram, W., Jr. 
Prince, D. 

Pryor, F. L. 
Ramsey, C. H. 
Ramsey, J. H. 
Rasmussen, C. A. 
Reimers, B. F. 
Rice, C. M. 
Richards, W. M. S. 
Royle, V. E. 
Saltzer, B. H. 
Sawyer, O. L. 
Scheringer, E. W. 
Shelley, Van O. 
Shuman, E. S. 
Smith, L. C., Jr. 


Snider, M. 
Stark, M. 
Streett, J. W. 
Suppes, D. F. 
Swift, J. L. 
Taylor, L. O. 
Uehling, F. F. 
Vegosen, J. 
Way, D 
Welsh, H. W. 


Werger, J. R. 
Zabriskie, A. E. 
Zjawin, J. O. 


PAULSBORO 
Philadelphia Section 


Borst, M. A. 
Calkins, i Bi or. 
Hall, 

Hammell, °F. H. 
Landis, J.P. 
Olson, C. T. 
Puder, W. O. 
Raymond, L. 
Shenton, F. G. 
Skerman, W. T. 
Sibson, W. A. 
Staples, C. W. 
Stewart, J. P. 
Thompson, N. 
vander Straeten, H. J. 


PENNS GROVE 
Philadelphia Section 


Micallef, rah ™M. 
Molinari, W. H. 
Myers, A. F. 
Schanes, A. 


PERTH AMBOY 
Metropolitan Section 


Bouvier, G. A. 
Brusso, A, M. 
Campbell, P. F. 
Fishkin, J. 
Grodner, A. 
Hawke, C. E. 
Johnson, B. M. 
Kemp, L. W. 
King, J. A. 
Maguire, E. L. 
Palm, A. E. 
Prudden, O. D. 
Roscher, A. M. 
Spencer, F. A. 
Verner, H. J. 


PHILLIPSBURG 


Anthracite-Lehigh 
Valley 


Anderson, J. H. 
Attinello, J. S. 
Bernhard, R. L. 
Brkich, A. 
Brocklebank, A. P. 
Csisek, J. J. 
Dawson, L. J. 
Ditson, J. D. 
Ford, W. B., Jr. 
Hornschuch, H. 
Hyde, J. P 
Johnson, R. M. 
Matthews, W. E. 
McBride, W. J. 
McConaghy, J. W. 
Ostwald, R. 
Rouch, E. A. 
Spilman, R. B. 
Stepanoff, A. J. 
Vizbara, M. 


PITMAN 


Philadelphia Section 
Keller, E. 


PLAINFIELD 
Plainfield Section 


Aug, W. F. 

Ayer, L. S. 
Barlow, DeW. D., Jr. 
Bragg, S. J. 
Charlesworth, R. L. 
Chizmarik, a H. 
Dawley, C. A. 
Donnelly, L. F. 
Grubelich, M. J. 
Helmer, N. A. 

Hall, R. E. 

Ivins, C. F., Jr. 
James, C. D. 
Rathgeb, A. 
Skalwold, R. N. 
Stampfl, E. G. 
Wentworth, R. A. 
Wheaton, W. E. 


POINT PLEASANT 
Colvin, F. H. 
Holbrook, D. L. 

POMPTON LAKES 

Metropolitan Section 
Gagne, A. F., Jr. 
Ward, J. A., Jr. 

PORT NEWARK 

Metropolitan Section 

Smith, R. W. 


PRINCETON 
Metropolitan Section 


Bush, G. F. 
Condit, K. H. 
Greene, A. M., Jr. 
Hay, Aq D: 
Maxwell, B. 
Miller, A. S. 
Moody, L. F. 
Otterbacher, E. H. 
Panagos, P. 

Rahm, L. F. 
Shepherd, G. Wee Jr. 
Sorenson, A, E 
Webster, L. Be 


RAHWAY 
Plainfield Section 


Hirschland, F. H. 
Jandrisevits, P. 
Lewis, I 

Nugey, A. L. 
Wood, 0. W. 


RAMSEY 


Metropolitan Section 
Rhodes, T. J. 


RED BANK 
Metropolitan Section 


Castellini, D. L. 
Flood, H., Jr. 
Getzoff, E. M. 
Maller, M. A. 
McClees, A. N. 
Reingold, I. 


RIDGEFIELD 


Metropolitan Section 

Bendelius, A. 

Brown, P. 

Timpson, W. Q. 

Weiss, A. J. 
RIDGEWOOD 

Metropolitan Section 


Erickson, A. O. 
Grant, H. C., Jr. 
Hawkins, G. W. 
Jackson, C. A. 
Maewatty, F. L. 
Marlow, A. S., Jr. 


Schulte, Ae ae 
Wilkins, W. B. 


RIVER EDGE 
Metropolitan Section 
Godfrey, W. 
RIVER EDGE MANOR 
Metropolitan Section 
Hunter, J. 
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RIVERSIDE 
Philadelphia Section 
Burhoe, L. N. 


RIVERTON 
Philadelphia Section 


Hallinan, J. o 

Hollerith, R. 

Irwin, I W. 

Somervell, P. A. 
ROCKAWAY 

Metropolitan Section 


Cannon, J. B., Jr. 
Igleheart, G. P. 
Wolsdorf, H. A. 
Woodbury, G. P. 
ROSELLE 
Plainfield Section 


Davis, F. L., Jr. 

De Matteo, A. J. 

Reinhart, O. O. 

Schafer, O. B. 

Unofsky, J. 
ROSELLE PARK 

Metropolitan Section 


Dorian, R. M. 


RUTHERFORD 
Metropolitan Section 


Binder, A. R. 
Forhecz, J. A. 
Hughes, H. E. 
McGibbon, D. G. 
O’Connor, W. J. 
Parker, A. W. 

Schlick, L. F. 
SAYREVILLE 
Metropolitan Section 

Mack, T. R. 

Miller, A. A. 
SCOTCH PLAINS 
Metropolitan Section 


Hollingsworth, S. 


SEWAREN 
Plainfield Section 
Lawrence, W. W. 
Young, E. W. 
SEWELL 
Philadelphia Section 
Montague, J. F. 


SHORT HILLS 
Metropolitan Section 


Peterson, R. 
Renwick, E. B. 


SOUTH AMBOY 
Metropolitan Section 
Casey, J. E. 


SOUTH KEARNY 
Metropolitan Section 


Anzelon, G. J. 
Mair, K,. T. 
Murphy, J. W. 


SOUTH ORANGE 
Metropolitan Section 


Harman, G. A. 
Miller, S., Jr. 
Stanwick, ©. A. 
Town, F. E. 
Wentworth, H. T. 


SUMMIT 
Metropolitan Section 


Bell, H. S., Jr. 
Boye, B. L., Jr. 
Boynton, E. S. 
Burtenshaw, C. D. 
Hodgson, A. W. 
Lembeck, O. A. 
Marshall, D. E. 
Molé, H. E. 
Nofsinger, OC. W. 
Pfluger, W. R., Jr. 
Stanley, C. M. 


Swenson, O. A. 
Tuthill, E. S. 
Weber, R. E., Jr. 
Wintriss, G. 


TEANECK 
Metropolitan Section 


Grosser, W. R. 
Maurer, W. R. 


TENAFLY 
Metropolitan Section 
Wilson, J. A., Jr. 


TETERBORO 
Metropolitan Section 


Black, J. A. 

de Haven, F. I., Jr. 
Goldberg, B. W. 
Hollister, J. F. 
Howe, J. A. 
Jmbeninato, P, A. 
MacGrath, K, 
Manning, E. V. 
Masino, F. D. 
Miller, A. T. 
Ochtman, L., Jr. 
Silverman, S, 
Smith, E. S. 
Steiner, W. A. 
Wright, W. N. 
Zwack, R. T. 


TOMS RIVER 


Moore, W. J. 
Podell, O. 


TRENTON 
Philadelphia Section 


Aker, D. C. 

Albert, R. ©. 

Barr, V. L. 
Beaufrere, A. H. 
Benedict, W. E. 
Brooks, W. S. 
Brosnan, W. J. 
Bryan, J. L. 
Cantwell, J. W. 
Carter, J. CO. 

Clark, J. P. 
Critchlow, H. T., Jr. 
De Hart, H. F. 
Engvall, H. 

Evans, H. S., Jr. 
Farrington, S. J., Jr. 
Federici, F. 

Felix, S. P., Jr. 
Fenton, OC. M. 
Fisher, D. F. 
Garrabrant, F. LeR., Jr. 
Gartmann, H 
Gutzwiller, J. E. 
Haldeman, R. R. 
Hammer, A. 
Haverstick, aah Ss. 


Johnston, W. S. 

Tia Porta, H. E. 
LaRocque, A. E. 
Lewis, D. 
Litzinger, L. P., Jr. 
Loidl, J. M. 

Losse, P. L.: 
Lupke, P., Jr. 
McDermott, O. ©. 
Mink, J. A. 

Morrell, M. C. 
Peterson, A. 
Pfeffer, J. F., Jr. 
Pinnes, R. W. 
Rasmussen, H. V. 
Reeve, W. A. 
Schenk, J. M. 
Slavenak, A. J. 
Slingman, T. D., Jr. 


Sutherland, D. M. 
Tankle, A. 
Thompson, E. R. 
Titherington, W. K. 
Trishman, H. A. 
Waller, C. R. 
Watson, H. L. 
White, J. E. 

Yard, E. M. 


UNION 


Plainfield Section 
Rathman, G. 


UNION CITY 
Metropolitan Section 


Grupe, W. F. 
Seltzer, H. S. 


RB; 
Mellon, G. W. 


‘UPPER MONTCLAIR 
- Metropolitan Section 


Graf, W., Jr. 
“McMullen, H. W. 
/\Mead, O. ‘A. 


| ‘Spurling, 0. OC. 


VENTNOR 
_ Philadelphia Section 


| Dudnick, S. 


VERONA 
_ Metropolitan Section 


aes, V. A. 
obbins, R. N. 


VINELAND 


1 Philadelphia Section 


“Barter, J. S. 
Lewis, A. D. 


} Seas Ss. S. 

Van de Pol, H. 

‘Van Gorden, LeR. C. 
WASHINGTON 


Anthracite-Lehigh 
Valley 


‘Joyce, R. 
‘Schlink, F. J. 


WEEHAWKEN 
Metropolitan Section 


'Bergdolt, G. ds Jr. 
{Blickman, B. 


|{ Buttron, W. eo” 


‘Cady, H. R. 
Henseler, W. J. 


i Zamore, W. W. 


; WENONAH 
' Philadelphia Section 
“Weber, A. M. 

WEST ENGLEWOOD 
Metropolitan Section 


a Ketchpel, P. A. 


WESTFIELD 
Plainfield Section 


Bryden, C. W. 
Cesarz, W. J., Jr. 
Crosby, G. F., Jr. 
-Dannehower, G. L. 
‘Fischer, A. F., Jr. 
Hahn, P. R. T. 
Inglis, R. N. 
-Koechlein, G. J. 

- Mitchell, D. B. 
Oppenheimer, pape 
- Quick, H. P. 
Sutton, E. W. 
Weaver, 1D. A: 


WEST MEDFORD 


. Harrington, R. L. 


WEST NEW YORK 
Metropolitan Section 
‘alton, H 


- Finster, G. OC. 


Marny, R. G. 
Mueller, E. J. 


' Steger, G. W. 


Yerino, L. V. 


WEST NORWOOD 
Metropolitan Section 


Budell, R. 


WEST ORANGE 
Metropolitan Section 


- Berggren, K. G. 
~ Crowley, H. L. 
- Dolan, R. M. 

- Eppler, A. L. 

+ Kaye, J. W. 


Sparkes, H. P. 


- Steinmetz, A. M. 


WEST POINT 
PLEASANT 


Metropolitan Section 
Schwab, G. 


WESTWOOD 
Metropolitan Section 
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WHIPPANY 
Metropolitan Section 


Fisher, E. C. 
Hardaway, H. Z. 
Sappet, C. L. 
Williams, C. H. 


WILDWOOD 
Philadelphia Section 
Zell, A. W. 

WOODBINE 
Philadelphia Section 
Ritchie, P. 

WOODBURY 
Philadelphia Section 
Hemsarth, J. H., III 

WOOD-RIDGE 
Metropolitan Section 
Clutz, O. S. 


Milici, F., Jr. 
Varner, S. E. 


WORTENDYKE 
Metropolitan Section 
Lawlor, J. J. 
WYCKOFF 
Metropolitan Section 
Ennis, W. D. 


NEW MEXICO 


ALAMOGORDO 
Barry, R. W. 


ALBUQUERQUE 


Atkinson, F. W. 
Biddle, W. A. 


Kendrick, R. A. 
Kendrick, Miss R. F. 
Lyon, OC. L., Jr. 
Munn, H. F. 
Prohaska, R. J. 
Reed, M. A., Jr. 
Schneider, R. L. 


CARLSBAD 
Anderson, L. D. 
Nutt, J. G. 

CLOVIS 


Frysinger, V. G. 
Kelcec, G. 
Walsh, B. H. 


GALLUP 
Noe, R. C. 


GRANTS 
Gunderson, OC. K. 


HURLEY 
Steyskal, R. F. 


LOS ALAMOS 
Mainhardt, R. 


MESILLA 
Clayshulte, N., Jr. 


ROSWELL 


Kidwell, G. S., Jr. 
Nelson, M. 
Peed, H. 


SANTA FE 


Bice, R. A. 
Blechar, T. J. 
Cherry, L. H. 
Crumb, O. B., Jr. 
Doom, L. G. 
Frame, R. A. 
Gilbert, N. R. 
Harris, R. L. 
Henderson, R. W. 
Hulbert, R. E. 
Riede, J. R. 
Toliver, L. 
White, R. H. 


SANTA ROSA 
Barnhart, C. E. 


STATE COLLEGE 
Lukens, A. M. 


YESO 
Smith, L. A. 


NEW YORK 


ADAMS 
Averill, E. A. 


ALBANY 
Schenectady Section 


McGrew, J. A. 
Pfister, O. G. 
Reissig, A. R. 
Reyna, L. C. 
Ronkanen, V. A. 
Teeling, G. A. 


ALFRED 
Walters, J. E. 
Williams, F. S. 

AMAGANSETT 
Metropolitan Section 
Rush, ©. D. 


AMITYVILLE 
Metropolitan Section 


Doyle, E. F. 
Powell, C. H. 
Wilson, W. R. 


AMSTERDAM 
Schenectady Section 


Hogg, J. V. 
Kellogg, W. D. 
Maine, W. CO. 
Ridley, K. J. 


ANGOLA 
Forster, H. W. 


ARDSLEY-ON- 
HUDSON 


Metropolitan Section 
Eddison, W. B. 


ARVERNE 
Metropolitan Section 
Siegel, L. 


ASTORIA 
Metropolitan Section 


Blaskowski, H. J. 
Houska, R. W. 
Kurzweil, R. 
Maccaronio, V. S. 
Pesqueira, J. J. 
Piencinski, G. 
Smith, J. J. 
Suda, S. 

Ullrich, W. 


AUBURN 
Syracuse Section 


Bryson, W. D. 
Foord, J. L. 
Infanger, A. W. 
Ireland, W. F. A. 
Paul, R. C. 
Smith, L. F. 
Sontag, H. P. 


BABYLON 
Metropolitan Section 


Heller, E. W. 
Shames, S. J. 
Stern, A. I. 
Woodhouse, H. W. 


BALDWINSVILLE 
Syracuse Section 


Forssell, A. G. 
Gruber, G. J. 
Jeffcock, H. W. 
Richardson, H. C. 


BALLSTON SPA 
Schenectady Section 
Knickerbacker, J 


BARKER 
Buffalo Section 
McAdam, L. J., II 


BATAVIA 


Guppenberger, F. J. 
Kustas, G. J. 


BAY SHORE 
Metropolitan Section 
Gottsch, D. C. 


BAYSIDE 
Metropolitan Section 


De Windt, A. K. 
Robba, W. H. 
Vincze, A. 


BEACON 
Metropolitan Section 


Andrus, R. E. 

Berger, J. W. 

Binda, P. A. 
Muenger, J. R. 
Prendergast, W. A. © 
Ritcheske, W. F., Jr. 
Townsend, A. C. 


BEECHHURST 
Metropolitan Section 


Nelson, H. D. 
Nelson, Ae Ri 
Zink, Ww. 


BELLE HARBOR 
Metropolitan Section 


Feinstein, L. 
Karp, M. E. 


BELMONT 
Metropolitan Section 
Riggs, H. E. 


BETHPAGE 
Metropolitan Section 


Achilich, J. H. 
Baird, E. F. 
Barfus, J 
Cassidy, F. R. 
Coutinho, J. DeS. 
Edgerly, R. M. 
Evans, B. D. 
Giampiccolo, J. S. 
Hoffman, C. 
Houghton, R. A., Jr. 
Newton, R. W. 
Prigozen, H. S. 


BINGHAMTON 
Ithaca Section 


Armstrong, H. T. 
Babcock, S. E. 
Baird, W. G. 
Burrows, J. R. 
Greacen, W., 3rd 
Grover, R. E. 
Holford, H. E. 
Kaganowich, WG Ue 
Kottman, J. J. 
Penton, P. 
Ramage, R. W. 
Redpath, H. S. 
Salo, E. A. 
Wells, G. S. 
Willcox, F. P. 


BOLIVAR 
Hills, R. LaR. 
Phillips, J. E. 
BRIGHTWATERS 
Metropolitan Section 
Krummel, L. ©. 


BRONX 
(See New York) 
BRONXVILLE 


Metropolitan Section 


Bailey, E. G. 
Finlay, R. B. 
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BROOKLYN 
Metropolitan Section 


Adler, G. 
Adler, R. 
Aidlin, S. S. 
Albrecht, R. J. 


Alpert, J. iby 
Amore, J. R. 
‘Anderson, A. W. 
Anderson, D. L. 
Angus, W. J., Jr. 
Aronoff, L. 

Asch, A. B. 
Avner, S. H. 
Avram, M. H. 
Baecher, B. J. 
Balint, A. B. 
Barbieri, J. D. 
Baron, J. J. 
Barrett, J. W. 
Baserman, K. J. 
Bauman, J. A. 
Bearse, R. E. 
Beatty, H. R. 
Beliaeff, S. B. 
Benjamin, J. ees Jr. 
Bennett, G. 
Benson, P. re ‘Tr. 
Benson, PEO: 
Berner, J. 
Bertagni, A. J. 
Bertelsen, OC. 
Bialog, E. S. 
Bisen, H. 

Bitko, S. 

Bittner, C. E. 
Bleecher, R. J. 
Bock, L. S. 
Boenig, R. W. 
Bokair, W. J. 
Bolles, S. L. 
Bolton, J. A. 
Bower, G. CO. 
Brevoort, H. W. 
Brickman, A. D. 
Brooks, F. T. 
Bruhn, N. 
Brunner, M. J. 
Buchsbaum, A. 
Buhler, C. 
Burley, J. W., Jr. 
Calabretta, P. T. 
Cannizzaro, S. 
Capo, J. J. 
Carlson, H. ©. R. 
Carr, A. A. 
Chadwick, N. H. 
Chandler, E. F. 
Chevrolet, A. J. 
Chodorowski, E. Q@. 
Christ, W. O. 
Christoffersen, W. L. 
Christy, H. A. 
Church, E. F., Jr. 
Cizek, A. W., Jr. 
Cohen, H. 
Collins, J., Jr. 
Cook, F. L. 

Cook, H. E., Jr. 
Cook, H. M. 
Cook, R. L. 
Coppersmith, F. M. 
Covino, A. O. 
Curreri, R. I. 
Dans, B. D. 
Darcy, B. E. 
D'Arcy, J. M. 
Dasaro, N, A. 
Dashefsky, G. J. 
Davison, O. S. 
Dawidowicz, W. J. 
Day, R. P. 
Deemer, K. O. 
Dellinger, L. M. 
Deutschman, M. W. 
Devlin, E. J. 
Dickins, F. A. 
Dieffenbach, E. C. 
Dinsmore, J. R. 
Dobson, J. 

Doll, A. W. 
Doppel, L. 
Dougherty, W. F., Jr. 
Durland, O. M. 
Egilsrud, 15 BE 
Elkind, M. M. 


Papgeeany W. H. 
Fedde, A 

Ferguson, W. B. 
Field, O. 

Fogel, J. J. 
France, ot F, 
Frankel, 

Tee aisnteh M. D. 
Fried, R. 
Frolander, F. C. 
Fromm, ©. W. 
Galdieri, B. 

Gall, G. F., Jr. 


NEW YORK 


Gardner, W. W. 
Gaynor, H. F. 
Gerber, S. R. 
Gershberg, J. 
Gibson, F. M. 
Gilbert, N. 
Gilman, M. A. 
Gladden, C. S. 
Goldsmith, OC. S. 
Gollin, S. 
Gottilla, S. O. 
Gould, J. U. 
Granet, I. 
Graves, C. R. 
Green, F. B. K. 
Green, W. L. 
Greene, H. A. 
Grimm, A. 
Grundberg, OC. A. 
Gunkel, R. 
Gwilliam, J. 
Haines, BE. M. 
Halbfass, A. J. 
Halvorsen, R. A. 
Handman, Ss. 
Hangarter, A. J. 
Hartshorn, D. S. 
Hatzfeld, G., Jr. 
Havemeyer, H. R. 
Hazen, J 

Healy, J. M. 
Hedberg, J. V. 
Hefner, C. F. 
Heggen, O. 
Helwig, A. 
Hennessey, W. L. 
Henry, O. H. 
Herrmann, J. F. 
Hiers, G. 0) 


Holgate, F. B. 
Holpert, M. 
Holtorp, O. H. 
Howe, T. B. 
Hushen, F. 
Imbembo, E. A. 
Jacobs, R. M. 
Jacobson, O. C. 
Jaklitsch, L. J. 
Jenkins, S. 
Joblove, L. J. 
Johnson, M. M. 
Johnston, W. A. 
Karp, D. S. 
Katz, P. 
Kennedy, W. P. 
Kent, R. S. 
King, G. I. 
King, N. M. 
Kinney, J. N. 
Kishibay, CO. O. 
Klein, A. 
Knight, G. L. 
Knoop, ie a Ie 
Kosztyla, S J. 
Kraft, R. 

Kuhn, a. W. 
Kuzman, J. A. 
Laboulais, J. L. 
Lambertine, J. A. 
Lang, H. W. 
Lanzisera, J. O. 
Lasciak, C. 
Laskowitz, I. B. 
Lawrence, A. 
Lawrence, J. H. 
Lawson, E. O., Jr. 
Ledgerwood, B. K. 


Leunis, R. R. 
Leverich, J. W. 
Levine, H. ‘ 
Levy, H 

Lewin, S. 
Lichtman, A. M. 
Lindquist, L. L. 
Lord, A. E. 
Lund, S. C. 
Luzzatto, G. W. 
Lyon, ©. S. 
MacDonald, E. T. 
Macklin, L. 
Macomber, J. K. 
Mandel, L. 
Manilych, S. 
Martens, R. W. 
Maslow, R. 
Maulbetsch, J. L. 
Maxwell, R. B. 
Mayer, O. W. 
Mazzaglia, J. D. 
McArdell, W. E. 
McLean, G. D. 
Mesiboff, M. J. 
Meyesprely A. 


Mitchell, W. J. 
Moen, W. B. 
Morro, J. J. 
Mudarri, E. G. 
Munson, S. 
Murray, T: E. 
Nagel, T. 
Napier, A. E. 
Napp, A. E. 


NEW YORK (Brooklyn) 


Nederman, M. R. 


Neilson, E. J. 
Nelson, E. J. 
Nolte, F. S. 
Noveck, S. J. 
Olson, H. T. 
Othmer, D. F. 
Paine, A. P. 
Palchik, we H. 
Panitz. 


Parker, * O., III 
Parks, J. A., ‘Ir. 
Paukner, F, J. 
Peck, S. 

Peluso, E. 
Perotto, Rive 
Peter, W. J. 
Petersen, J. H. 
Peterson, G. E. 
Peterson, J. A. 
Petzholt, E. J. 
Phalen, J. J. 
Platt, W. K. 
Presbrey, O. 
Pulito, D. M. 
Purvis, BE. D. 
Quier, K. E. 
Rasmussen, F. 
Regazzi, J. J., Jv 
Reichelt, O. V. 
Reissner, H. J. 
Rennie, J. A. 
Richardson, M. B. 
Richmond, J. 
Richmond, R. L. 
Riconda, L. J. 
Robertson, N. F. 
Robertson, R. A. 
Rocklein, G. W., Jr. 
Roland, P. W. 
Romanelli, 0. O. 
Rosen, 8S. 
Rothman, N. M. 


Salisbury, R. W. 
pamoiers L.A: 
Sausele, G. J. H. 
Savacchio, A. N. 
Scanlon, J. J. 
Schapiro, 45° 


Schoenfeldt, W. 
Schor, R. 
Schuettinger, J. G. 
Schultz, R. H. 


Setchell, J. E. 
Sether, Taal 
Severs, B. O. 
Shea, J. A. 
Sherman, W. L. 


Shuckhart, Te B. 
Siegel, H. J. 
Signoret, A. J. 
Simington, R. E. 
Skaredoff, N. N. 
Smith, D. A. 
Solov, A. 
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Wilcox, H. CO. 
Wilcoxson, L. 8. 
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Wilds, H. W. 
Wiley, W. O. 
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Willerton, G. E. 
Williams, D. T. 
Williams, F. 8. G. 
Williams, mo Jr. 
Williams, L 
Williams, 
Williams, 
Williams, 
Williams, 
Williams, 
Willis, C. C. 
Wills, H. A. 
Wilson, O. W. 
Wilson, J. D., Jr. 
Wilson, J. D., Sr. 
Wilson, L. B. 
Winslow, P. 
Winter, F. O. 
Winther, G. S. 
Wintzer, R. ©. | 
Wise, A. 8S. 
Wise, M. R. 
Wisner, H. G. 
Woerwag, ©. A. 
Wohrley, J. R. 
hb ares’ Vv. B. 
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Wollheim, W. E. 
Wood, B. F. 
Wood, Eves 
Wood, J. K. 
Wood, J. L. 
Woodruff, S. 
Woods, G. R. 
Woolley, C. H. 
Woolley, H. O. 
Woolley, P. O. 
Wormser, E. M. 
Wormeer, H. H. 
Worthington, O. G. 
Wright, P. D. 
Wright, R. V. 
Wright, S. 
Wright, 8S. C., Jr. 
Wurster, W. F. 
Wyckoff, N. W. 
Wyder, OC. G. 
Wynkoop, N. 0. 
Yerk, H. H. 
Yerzley, F. L. 
Yocom, L. F., Jr. 
Yoder, J. D. 
Young, OC. H. 
Young, P, J., Jr. 
Young, W. E. 
Youngson, A. O. 
Yulke, S. G. 


Zier, H. G. 
pie apd J. H. 
Zink, 


NIAGARA FALLS 
Buffalo Section 


Baeckler, W. 
Bagley, G. D. 
Bailey, B. L. 
Beardsley, H. I., Jr. 
Brown, a E. 
Call, L. 

Downs, Hw R. 
Egbert, O. O. 
Fisher, H. 8S. 
Goodrich, O. W. McK. 
Gorbaty, A. M. 
Hanson, L. L. 
Harold, P. J. 
Harper, J. O. 
Jenkins, 8S, VanR. 
Karre, W. A. 
Kuhns, J. H. 
Lidbury, F. A. 
Lyster, T. L. B. 
Newton, E. K. 
Parken, E. A. 
Perry, R. W., Jr. 
Petroe, G. A. 
Poorman, G, E. 
Quirk, J. H. 
Richmond, H. A. 
Rose, ©. G. 

Rue, J. D. 
Schultz, H. L. 
Schwennesen, H. A. 
Smith, F. E. 


cana aa tin R. 
Stowell, H 


NORTHPORT 
Metropolitan Section 


Hussey, W. FE. 
Pavlik, W. J. 


NORTH 
TONAWANDA 


Buffalo Section 


Bartram, P. R. 
Bowen, P. P. 
Kindl, F. H., Sr. 
Mueller, H. 8. 
Williams, A. J., Jr. 


NYACK 
Metropolitan Section 
Cross, B. J., A 


Masek, O. ‘A. 
OGDENSBURG 
Stafford, O. E. 
OLEAN 
Buckingham, W. H, 
Chaffee, R. A. 
Vritton, W. J., IT 
Kirkpatrick R. L. 


Mackendrick, J. N. 
Trumpler, W. E. 


ONEIDA 


Syracuse Section 


Burton, W. McK. 
Keller, M. W. 
Keller, R. 
Noyes, R. W. 
ORCHARD PARK 
Buffalo Section 


Abbott, W. D. 


OSSINING 
Metropolitan Section 


Hopf, H. A. 
Packard, He Ni: 


OSWEGO 
Syracuse Section 


Demarest, R. T. 
Green, B. H. 
Hallock, H. F. 


prone PARK 
Metropolitan Section 
Mongello, T. 
PAINTED POST 
Ithaca Section 


Alford, W. A. 
OCammen, M. M. 
Carpenter, A. O. 
Newcomb, W. K. 
PALMYRA 
Rochester Section 


Hubbard, ©. R. 
McCray, O. R 
Thorn, P 
PEARL RIVER 
Metropolitan Section 
Blixt, G. FF. 
Bogdanoff, J. L. 
Brosene, W. G., Jr. 
PEEKSKILL 
Metropolitan Section 


Morgan, G. B. 
Nyfleler, O. W. 


PELHAM MANOR 
Metropolitan Section 
Wilcox, J. 8. 


PINE CAMP 
Mather, D. W. 
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PLATTSBURG 


Henshaw, O, N, 
Sussdorff, BE. L. 


PLEASANTVILLE 
Metropolitan Section 


Carrick, @. S. 
Dibble, F. B. 
Hayek, A. F. 
Karelitz, M. B. 
Little, H. 
McLaughlin, FE. F. 


PORT CHESTER 
Metropolitan Section 


Havey, E. J., Jr. 
Patchen, M. 8. 


PORT EWEN 


Bourke, F. EB. 
Lefren, EB. K. 
Schlatter, TH. 


PORT JERVIS 
Metropolitan Section 
Weill, M. K. 


PORT RICHMOND 
Metropolitan Section 


Orapo, P. W. 
Lockwood, G. B. 
Seybolt, R. 8. 


PORT WASHINGTON 
Metropolitan Section 


Groth, H. F. A. 
Hazard, G. O, 
Kirkup, J. P. 
Kirkup, R. P. 
Puller, G 


POTSDAM 


McHugh, EK, 
Roes, J. A., Jr. 
Weiss, H. A. 


POUGHKEEPSIE 
Metropolitan Section 


Andres, 8. J. 
Beaman, D) Wi, ets 
Brill, G. M, 
Carlson, H. N. 
Oollina, I. W., Jr. 
Dexter, HW. EK. 
Durbeck, A. O, 
Evane, F, H. 
Hargrave, R. W. 
Horn, R. J. 
Kosecoff, I. W. 
Miller, T. a 
Richards 
Schlobach, “GF. 
Slote 

Wordle, A. H,, Jr. 
Weiss, P. A. H. 
Winchester, H. ¥. 


PRINCE BAY 
Metropolitan Section 


Heim, W. 
Talbot, J. M. 
Uhler, W. P. 


QUEENS VILLAGE 
Metropolitan Section 


Chandler, H. McO, 
Muller, W. G 
FPinnolis, 8. 
Sawyer, G. N. 


REGO PARK 
Metropolitan Section 
Schluderberg, D, O. 


RICHMOND HILL 
Metropolitan Section 


Baxa, J. ¥. 
Wiskamp, E. 
Krauth, J. A., Jr. 
Lucas, Ticks 
Phlug, H. R. 
Schnitzer, A. J. 
Smith, D. 1. 
Sutherland, Hl. J. 
Thomas, A. LB, 


ROCHESTER 
Rochester Section 


Ahrendgen, L. K. 
Albert, D. J. 


Aldridge, 0. F. 
Alexander, O, A. 
Alman, L.'0; 
Ancona, J. F. 
Arnold, W 
Barger, L. W. 
Barrows, D 
Bausch, O. L. 
Bausch, W. G. 
Baxter, M. L. 
Baybutt, J. W. 
Beecher, 0. 
Birkicht, BE. R. 
Bliss, D. S. 
Boutros, R. D. 
Boyd, K. R. 
Brenner, K. W. 
Brook, Vv. 
Brown, Oo; ek. 
Brown, W. J. 
Cala, O. F. 
Camp, L. F., Jr. 
Candee, A. H. 
Oarr, H. H. 
Castle, K. B. 
Oather, J. H. 
Olark, H. K. 
Jowell, W. T. 
Orocker, A. 8. 
Darling, L. B. 
Davidson, J. R. 
Day, O. A. 
Decker, H. A. 
DeWolf, D. W. 
Dungan, KE. R. 
Eaton, L. 8S, 
Wdwards, R. W. 


Nascure 


Eketen, O. E., Jr. 
Englehardt, H. M. 
Everett, A 
Walls, E. K. 


Wellers, O. I. 
Ferrari, FP. A. 
Field, R.A, 


Fr nitugerald, , W., dt 


Flint, O 
Foard, O. W. 
Vreeman, H. 8, 
Gleason, J. FE. 
Goeltz, P. H. 
Goldey, J. 8. 
Gormel, I. M. 
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Howe, 
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Kurtz, H. F, 
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Lindsey, J. T. 
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Matthews, N. H., 
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McGuire, I. J. 
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Miley, I Fi 
Miller, I, D. 
Minshall, J. R, 
Mosher, H. A. 
Moxon, A. W. 
Ne es R. W. 
Odell, N. 
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Palme, R. B. 
Parkin, R. BE. 
Parlon, W. L. 
Peragallo, J 
Phelps, 8. M. 
Philipp, G. 
Pope, O, L. 
Punnett, F. D. 
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Rengert, J. 8. 
Ritter, on A. 
Rogers, A, B. 
Rorick, J. A. 
Ross, O. O. 
Ross, R. O. 
Russell, 8. 
Ryan, O. M. 
Schell, A, E. 
Schell, W. A. 


Jr. 


Jr. 


T, W. 


Scherer, F. R. 
Schmitt, W. ©, 
Schuster, A. W. 
Scott, H. W. 
Setterholm, V. M. 
Seymour, BE. D, 
Smith, L. H. V. 
Snyder, FE. V. 
Snyder, J. H. 
Sprague, O. V. 
Stacy, S. 0. 
Steiner, O. 
Storrier, J. M. 
Sullivan, H. A. 
Summerhays, L. J. 
Summerhays, R. L. 
Swift, L. B. 
Trueheart, H. P., Jr. 
Utz, J. R. 
Watkins, A. 
Welch, L. B 
Weason, P. B. 
White, J. EB. 


Wilder, 0. L. 
Wildhaber, E. 
Willard, W. H. 
Willsea, J. 
Wolfe, B. J. 
Wood, R. L. 
Wood, W. D. 


ROCKAWAY BEACH 


Metropolitan Section 
Oahn, a D. 

Evans, M. H. 

Finkel, J. J. 
ROCKVILLE CENTRE 
Metropolitan Section 


Fleischer, I, 
Ketler, O. P. 


ROME 
Ballway, R. O. 
Dalzell, R. OC. 


Schaffner, J. W. 
Stadler, N. M. 
Steele, M. a. 
ROMULUS 
Ithaca Section 
Ruckman, J. H. 


ROOSEVELT 
Metropolitan Section 
Schenk, F, E. 


ROSLYN HEIGHTS 
Metropolitan Section 
Terrell, W. A. 


RYE 

Metropolitan Section 
Billipp, BE, H. 
Duff, J, A. 
MacNamara, M. J. 

ST, ALBANS 
Metropolitan Section 
Eberhard, W. O. 
Fairchild, 0. O 
Gibbons, J. W. 

SAMPSON 
Syracuse Section 

Keefer, R. A. 


SCARSDALE 
Metropolitan Section 


Aldworth, E. H. 
Butze, R. J. 
Dexter, G. M. 
Vrankenhoff, O. A. 
Hogin, P. EB. 


Wilson, O, E. 


SCHENECTADY 
Schenectady Section 


Adamson, A. P. 
Albert, P. W. 
Alger, P. L. 
Alstadt, L. R 
Anderson, D. F. 
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Andrews, J. H. 
Apperson, J. 8. 
Arney, T. R. 
Atwood, H, M. 
Azua, R. V., Jr. 
Baker, F. 
Barton, R. B. 
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Bennett, A. L. 
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Berg-Johnsen, J., Jr. 
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Gillum, R. @. 
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Grumblatt, V. J. 
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Hurley, *s a, 
fushen, T, M., Jr. 
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Jones, H, 
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Levy, B. W. 
Lewis, EF. E. 


Lindberg, Miss A. K. 


Linder, C, H. 


H. E., Jr. 


A., Jr. 


NEW YORK 


Linn, F. O. 
Linville, T. M. 
Lipetz, A. I. 
Lovercheck, O. L. 
Luce, G. GQ. 
Lufkin, O. R, 
MacGowan, G. F. 
Marquis, D. H. 
Marshall, D. Q. 
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Marston, R. @. 
Martinez, H, Q. 
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McClure, Hh B. 
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Nowacki, L. M. 
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Ringwalt, v. G., Jr. 
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Roberts, H. 
Roberts, J. L 
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Rose, L. M. 
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Ruiz, iA. L. 
Ryan, J. B. 
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Seale, W. J. 
Sennstrom, a R. 
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Shirrell, O. P. 
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Smith, A 
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Stanton, O. H. 
Stevenson, A. R., Jr. 
Strang, H. E. 
Suppe, O. A. 
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Taylor, HW. D. 
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Tucker, J. B. 
Turner, A. D, 
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Ware, D. H. 
Warren, G. B. 
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Weinberg, H. L. 
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Wild, A. F 
Winne, H. A. 
Wood, 0. L., Jr. 


SENECA FALLS 
Syracuse Section 
Garnsey, H1., Jr. 
Gould, N. nf 
Mann, J. 
Smith, KH. R. 
SHORTSVILLE 
Rochester Section 
Preston, O. H. 


NEW YORK 


SIDNEY 


Faatz, E. D. 
Rice, M. H. 
Wright, H. T. 


SOLVAY 
Syrause Section 


Craig, H. B. 
Larsen, A. M. 


SOUTHAMPTON 
Metropolitan Section 
Silver, M. 
SOUTH FALLSBURG 
Levine, H. P. 


SOUTHOLD 
Metropolitan Section 
Cox, H. N., Jr. 


SPRINGBROOK 
Buffalo Section 
Dollar, W. M. 


SPRINGVILLE 
Buffalo Section 
Harrington, ©. E. 


STATEN ISLAND 
Metropolitan Section 


Fendel, F. A. 
Fletcher, E. H. 
George, A. 

Hannan, R. Q. 
Hurley, G. H. 

Morse, E. P., Jr. 
Puishes, A. 

Rise, K. 

Robinson, H. H., Jr. 
Vanden Heuvel, G. R. 


SUFFERN 
Metropolitan Section 
Wilson, G. P. 


SYRACUSE 
Syracuse Section 


Adams, J. F., Jr. 
Allen, R .F. 
Aronson, ©. A. 
Avery, H. T. 
Backity, S. M. 
Barnard, N. O. 
Bennum, G. O. 
Briggs, J. O. 
Bryans, D. R. 
Bump, B. N. 
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Chadwick, J. S. 
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Clune, J. P. 
Costello, R. J. 
Diefendorf, D. W. 
Dietz, O. F. 
Dillaway, R. B. 
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Feldman, M. M. 
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Frayer, L. W 
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Hart, S. , 
Hensel, F. G. 
Henwood, G. L. 
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Howe, H. L. 
Irons, D. E. 
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Keller, H. O. 
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Lang, E. H. 
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Moyer, M. B. 
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Murray, W. H. G. 
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Rhea, H. H. 
Rhodes, E. K. 
Robinson, A. L. 
Scheiner, C. J. 
Schmidt, J. F, 


Vincent, G. I. 
Voos, F. W., Jr. 
Walsh, G. W., Jr. 
Werner, G. H. 
Wilkins, V. B. 
Wood, OC. 0. 
Zimmerman, E. W. 


TOMPKINSVILLE 
Metropolitan Section 


Junas, L. J. 
Otto, H. R., Jr. 


TONAWANDA 
Buffalo Section 


Britt, W. H. 
Clemow, G. A. 
Czapek, E. L. 
Dickerson, K. J. 
Enger, R. ©. 
Goga, G. F. 
Kratzer, J. O. 
Maienknecht, G. E. 
Manney, C. 78 
Parker, H. F. 
Payne, W. M. 
Potts, L. D. 
Riede, P. M. 
Steinmeyer, L. A. 


TROY 
Schenectady Section 


Amstuz, J. O. 
Bailey, N. P. 
Bischoff, R. 
Bordt, F. J., Jr. 
Campbell, J. S., Jr. 
Cluett, A. E. 
Cluett, S. L. 
Cook, M. A. 
Crockett, C. H. 
Day, C. its 
Fairfield, J. G. 
Fessenden, BE. A. 
Franzen, C. J. 
Hallum, T. E. 
Harthorn, P. D. 
Hill, F. C. 
Houston, L. W. 
Kidder, W. E. 
Maloney, M. J. 
Menz, C. 
Moreland, Wands 
Newkirk, B. L. 
Niemeier, B. A. 
Osborne, W. C. 
Palsgrove, G. K. 
Parkhurst, E. R. 
Riordan, H. E. 
Rollins, J. P. 
Rutledge, E. A. 
Schubert, A. G. 
Shirley, J. G. 
Spence, R. S. 
Stevens, H. E. 
Van Dervort, A. O. 
Van Wie, J. A., Jr. 
Weske, J. R. 
White, K. H. 
Wilson, H. A. 


TUCKAHOE 


Metropolitan Section 
Golom, J. P. 


UTICA 


Catlin, W. G. 
Clement, W. J. 
Eyres, S. A. 
Fisher, B. J., Jr. 
Hirsch, 8. R. 
Oakey, W. E., Jr. 
Osuch, E, B. 
Schiller, F. M. 
Sherry, L. B., Jr. 


VALLEY STREAM 


Metropolitan Section 

Kahrs, H. G. 

Rossi, B. E. 

San Fanandre, A. J. 

Schnabel, J. W. 
WALDEN 

Metropolitan Section 


Peck, OC. V. 


WANTAGH 
Metropolitan Section 
Dotter, R. A. 


WATERTOWN 


Boyer, E. D. 
Chamberlain, G. L. 
Dobbs, J. F. 
Elsworth, J. Van V. 
Gulick, H. 
Halladay, H. KR 
Hamilton, T. P. 
Hess, R. G. 


Maxson, Af E. 

Needham, P. E. 

Sillcox, 1p K. 

Sudduth, H. N. 

Tyler, W. D. 

Vroman, E. C. 

Whittingham, D. J. 
WATERVLIET 

Schenectady Section 


Blake, F. E. 

Burgess, W. M. 

Janson, N. F. 

Shoemaker, F. R. 

Smith, F. B. 

Tardi, J. T. 

WEBSTER 

Rochester Section 


Foster, J. W. 


WEEDSPORT 
Syracuse Section 
Young, J. G. 


WELLSVILLE 


Church, M. D. 
Curry, E. C. 
Field, K. A. 
Gellert, T. S. 
Hauselt, J. D. 
Karlsson, H. 
King, M. A. 
MacDonald, K. 
McBride, E. J. 
McKee, W. R. 
McPheters, L. S. 
McVicker, T. E. 
Mochel, M. G. 
Parker, L. M. 
Schaller, A. 
Stewart, J. A. 
Waitkus, J. 
WESTBURY 
Metropolitan Section 


Wittig, F. E. 


WESTFIELD 
Buffalo Section 
Vaksdal, S. R. 


WEST HEMPSTEAD 
Metropolitan Section 


Lechthaler, OC. K. 
Molter, F. H. 


WEST NYACK 
Metropolitan Section 
Fredericks, H. S. 
Schimpf, A. J. D. 

WEST POINT 
Metropolitan Section 


Fornes, G. G. 
Taul, H. Ww. 


WHITE PLAINS 
Metropolitan Section 


Haight, D. LeR. 
Smith, E. M. 
Vehslage, H. E. 
Worden, E. S., Jr. 
WHITESTONE 
Metropolitan Section 


Knowles, G. W. 


WILLIAMSVILLE 
Buffalo Section 
Sawyer, J. G. 


WILLISTON PARK 
Metropolitan Section 
Furedy, A. S. 


WOODBURY 
Metropolitan Section 
Miller, E. L. 


WOODSIDE 
Metropolitan Section 


Gussack, S. I. 
Speciall, J. V. 
Wright, L. K. 


YAPHANK 
Metropolitan Section 
Avey, H. T. 


YONKERS 
Metropolitan Section 


Arnold, P. J. 
Ashcroft, A. G. 
Beckwith, O. P. 
Blair, J. G. 
Bozenhard, A ©. 
Brush, C. 
pone JIM 
Doke, G E. 
Free, A. V. 
Hausel, W. M. 
Henn, R. M. 
Hodge, Cc. A. 
Jenkins, P. 
Keleher, J. E. 
Leach, J. L. 
Linscott, L. N. 
Lofstedt, OC. J. 
Longbucco, J. R. 
Midgley, F. W. 


Prudden, N. P. 
Riggs, K. 
Rogers, G. A. 
Skinner, H. N. 
Smolderen, F. V. 
Zavodny, 8. 


NORTH CAROLINA 


ASHEVILLE 
Greenville Section 


Dodge, W. W., Jr. 
Osborne, B. D. 
Vanderhoof, A. H. 


BADIN 


Piedmont-North Caro- 
lina Section 


Douthit, J. H. 


BILTMORE 
Greenville Section 
Fuller, R. B. 


BREVARD 
Greenville Section 


Brombacher, M. H. C. 
Dworetzky, L. H. 


BROADWAY 
Raleigh Section 
Avent, J. S. 


CAMP DAVIS 


Houck, F. W. 
Miller, R. S. 


CAMP LE JEUNE 
Raleigh Section 
Price, W. S. 


CANTON 
Greenville Section 


Hoey, C. R., Jr. 
McBerty, D. R. 


CHAPEL HILL 
Raleigh Section 
West, H. I. 


CHARLOTTE 


Piedmont-North Caro- 
lina Section 


Babcock, H. H. 
Brandt, E. H., Jr. 
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Brown, N. H. 
Burkholder, ©. I. 
Crockford, R. H. 
Dewey, ©. A., Jr. 
Fvans, W. R., Jr. 
Henninger, F. A. 
Heyward, T. OC. 
Heyward, T. C., Jr. 
Hosmer, A. 
Jackson, F. R. 
Kincaid, L. M. 
LeClere, A. B. 
Leggett, I. W. 
Meadors, J. W., Jr. 
Nabow, D. 


Potter, J. T. 
Steele, C. H. 
Stolp, W. J., Jr. 
Terrell, E. A. 
Williams, E. E. 
Wilson, T. W. 


CHERRY POINT 
Raleigh Section 


Hall, R. L. 
Schaeffer, E. J. 
Schuler, J. E. 


CLIFFSIDE 


Piedmont-North Caro- 
lina Section 


Davis, E. L. 
Deck, A. E. 
Erskine, J. H. 


CONCORD 


Piedmont-North Caro- 
lina Section 


Hoover, R. C., Jr. 
Sills, T. O. 


DURHAM 
Raleigh Section 


Boutwell, F. K. 
Cornman, G. L., Jr. 
Ervin, F. R. 
Hardy, W. M. 
Hinton, W. A. 
Kenyon, V. L., Jr. 
Korstian, R. J. 
Lewis, R. E. 

N 


Strickland, “Ww. B. 
Tew, G. 

Theiss, E. ‘s. 
Pyrenees 
Wilbur, R. S. 


ELIZABETH CITY 
Kramer, F. K., Jr. 


ENKA 
Greenville Section 


Gill, J. R. 
Kireks Pers 
Moritz, A. J. L. 


FT. BRAGG 
Raleigh Section 


Adolphson, R. T. 
Boss, M. O. 
Hauffe, F. H. 
Schooley, H. E. 
Semchuk, P. 
Sopenoff, L. P. 
Turner, R. 8S. 


GASTONIA 


Piedmont-North Caro- 
lina Section 


Knape, H. O. 
Stine, C. E. 
Whitener, E. K. 


GOLDSBORO 
Raleigh Section 
Seid, B. 
GREENSBORO 


Raleigh Section 


Baity, G. W. 
Cobb, D. B., Jr. 
Foust, J. D., Jr. 
Gibbs, F. O. 
Jones, A. D. 
Kerchner, O, E. 
Makasiar, V. V. 
Powell, R. V. 
Schaffert, G. A. 


Schneider, R. E., Jr. 
Drultt, anaes 
Weatherly, R. M. 
HENDERSONVILLE 
Greenville Section 


Hunter, G. E. 


HIGH POINT 


Piedmont-North Caro- 
lina Section 


Dunbar, A. W. 

Fidler, I 

Gray, W. E. 

Thompson, W. G. 
HIWASSEE DAM 


Johnson, W. T. 


KANNAPOLIS 


Piedmont-North Caro- 
lina Section 


Thomason, M. D. E 


MAXTON 
Raleigh Section 
Campbell, M. R. 


MORGANTON 


Piedmont-North Caro- 
lina Section 


Erwin, W. C. 


MT, HOLLY 


Piedmont-North Caro- 
lina Section 


Freeman, W. B. 
Sadler, J. H. 
NEWTON 


Piedmont-North Caro- 
lina Section 


Cline, W. E. 

Lyerly, R. L. 
PISGAH FOREST 
Greenville Section 


Baker, P. H. 

Barkley, K. L. 
Bennett, R. F. 
Finck, H. F. 

Goepfert, O. F. 
Haswell, H. L. 
Pooser, A. K. 

Tindall, W. P. 

RALEIGH 
Raleigh Section 


Brown, T. C. 
Conner, N. W. 
Hoefer, E. G. 
Lowen, W. 
Maclean, W. E. 
McCrary, O. F., Jr. 
Rautenstrauch, R. F, 
Rice, R. B. 
Rothgeb, R. McK. 
Turner, F. B. 
Vaughan, L. L. 
ROANOKE RAPIDS 
Raleigh Section 


DeBusk, C, F. 


ROCKINGHAM 


Piedmont-North Caro- 
lina Section 


Ledbetter, T. B. 


ROCKY MOUNT 
Raleigh Section 
Johnson, J. G. 


SANFORD 
Raleigh Section 
Pomeranz, R. E. 


SPRAY 
Humbert, W. F. 


THOMASVILLE 


Piedmont-North Caro- 
lina Section 


Green, R. B. 


WAKE FOREST 
Raleigh Section . 
Burns, H. S. 


WELDON 
Raleigh Section 
Kittner, H 


WILMINGTON 
Bloodgood, R. M. 
Carney, H. R. 


Lasley, J. B. 
Lewis, B. E. 


WINSTON-SALEM 


Piedmont-North Caro- 
lina Section 


Fisher, W. H. 
Reece, R. P. 
Turner, M. E. 


NORTH DAKOTA 


ELLENDALE 
Strand, A. T. 


FARGO 


Boe, H. A. 
Dolve, R. M. 


OHIO 


AKRON 
Akron-Canton Section 


Alexander, A 
Arnstein, K. 
Bastian, A. L. 


Benedict, L. C. 
Bezbatchenko, J. W. 
Bosomworth, G. P. 
Burkley, J. K. 
Campanale, A. D. 
Carlsten, S. V. 
Carnegie, A. 


DiFederico, BM AY 
Dorf, M. L. 
Dwight, H. V. 
Elder, N. J. 
Flounders, J. McC. 
Frye, J. 
Fullmer, F. L. 
Garbin, A. J. 
George, E. D. 
Good, J. F. 
Gordon, E. D. 
Griffin, F. S. 
Gross, F. R. 
Harris, Z. N. 
Hartz, M. E. 
Hines, V. A. 4 
Hochner, R. M. 
Hunter, J. R. 
Hursh, R. W. 
Jarema, J. D. 
Kallgren, R. M. 
Kendall, E. E. 
Kessler, A. G. 
Kimel, W. R. 
Klespies, F, J. 
Lang, W. CO. 
LaRue, A. M. 
Litchfield, P. W. 
Macmann, E. N. 
Mangan, us ea Jr. 
Mansfield, 
Marlatt, oF ue 


“Martin, E. V. 


McCurdy, R. B. 
Meyers, D. J. 
Mills, J. I. 
Minns, R. G. 
Morse, F. 

Myers, ©. C. 
Nice, H. E. 
Nixon, B. O. 
Perley, J. D. 
Pierce, M. C. 
Riesing, E.-F. 
Ritchings, R. H. 
Robinson, E. W., Jr. 
Ross, R. 8. 
Ruggles, R. R. 
Saus, F. J. 
Schell, F. B., Jr. 
Semonin, E. Y. 
Sire, J. H. 
Soderquist, L. E. 
Starrett, R. H. 
Stimler, F. J. 
Stolfo, V. J. 
Svenson, R. H., Jr. 


AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


Telle, M. J. 
Thaden, T. J. 
Trainer, J. E. 
Traxler, E. R. 
Waddell, J. L. 
Wallin, M. B. 
Watters, R. B., Jr. 
Weber, F. A. 


Wiltrout, R. E., Jr. 
Wise, tT 
Woehl, F. 

Woehl, F. M. 
Wolf, E., Jr. 
Wright, H. W. 
Wright, R. F. 
Zimmerman, C. D. 


ALLIANCE 
Akron-Canton Section 


Allardt, E. W. 
Bowerman, M. R. 
Davis, O. A. 
Kendall, E. H. 
Pfeiffer, O. S. 
Thomas, R. V. 
APCO 
Toledo Section 


Herking, P. W. 
ASHLAND 
Akron-Canton Section 


Chaney, A. F. 

Mahon, B. M. 

Selig, E. T., Jr. 

Shetler, A. E. 
BARBERTON 

Akron-Canton Section 


Appleton, G. R. 


Becker, W. M. - 
Brandt, F. C. 
Cassidy, P. R. 
Corey, F. B. 
Downs, J. N. 
Faasse, W. 
Fletcher, J. 
Forrest, J. 
Gradisar, I. A. 
Grove, W. V. 
Harter, I. 
Hubbell, G. W. 
Huge, BE. C., Jr. 
Jensen, H. 
Koskan, A. J. 
Langvand, I. L 
Laursen, A 
Lloyd, R. G. 


Maxwell, O. A. 
McDermott, G. F. 
Petry, W. M. 
Poling, W. D. 
Sanders, L. H. 
Schoessow, E. E. 
Schoessow, G. J. 
Schrengauer, E. B. 
Sutton, R. I. 
Werner, P. 
Winemiller, D. E. 
Wolfe, M. W. 


BEDFORD 
Cleveland Section 
Douglas, F. 0. 
Pittman, P. R., Jr. 
BEREA 
Cleveland Section 


Dawson, A. 
Whelan, R. J. 


BREWSTER 
Akron-Canton Section 
Hill, G. A. 

Pattison, R. C. 
BRILLIANT 
Pittsburgh Section 

Grimes, P. L. 

McLoughlin, F. E. 
BRYAN 

Pacey, J. J. 


BUCYRUS 


Barron, D. B. 
Klein, J. J. 
Smith, S. H. 
Williams, E. E. 


BURTON 
Akron-Canton Section 
Willis, J. B. 


CAMBRIDGE 


Jaeger, J. F. 
Sloan, R. S., 


CANTON 
Akron-Canton Section 


Balough, C. 
Beatty, W. C. 
Bergstrom, A. L, 
Clark, O. L. 
Cox, W. P. 
Fitzke, W. O. 
Green, W. F. 
Horger, O. J. 
Klinedinst, L. M. 
Lewis, R. B. 
Lundgren, I. H. 
MacFadyen, F. R. 
McCollam, C. H. 
McLaughlin, R. A. 
Neifert, H. R. 
Paca, J. P. 
Phipps, A. J. 
Price, B. C. 
Sanders, W. C. 
Shedd, F. R. 
Treiber, oO. D. 
Weckstein, S. M. 
Williams, P. 
Wilson, R. L. 
Wyer, R. 


CARDINGTON 
Columbus Section 
Messenger, P. B. 


CHAGRIN FALLS 


Cleveland Section 
McCabe, F. E. 


CHILLICOTHE 
Columbus Section 


Gough, J. B. 
Lapp, R. J. 


CINCINNATI 
Cincinnati Section 


Allison, R. D. 
Archea, W. D. 
Ashley, J. E., Jr. 
Bartmess, J. E. 
Bauer, J. R. 
Beckjord, W. ©. 
Bengle, C. V. 
Best, C. E. 
Bickel, C. C., Jr. 


Blackburn, A, T. 
Blackwell, H. C. 
Blaisdell, B. H. 
Bosler, K. 
Botts, E. A. 
Bowen, R. D. 
Brandt, H. B. 
Brennan, J. E. 
Brown, ©. A. 
Brown, D. S. 
Bruck, A. G. 
Bunting, J. W. 
Butler, J. O. 
Canavan, H. M. 
Carlisle, M. 
Chalkley, C. R. 
Chappell, W. G. 
Colony, O. G. 
Copp, L. J. 
Cranley, T. E. 
Daum, J. H. 
Davis, R. F. 
DeForest, C. W. 
Deimer, ue 1518 aU, 
Drucker, N 

Du Brul, E. FR. 
Dwight, H. S. 
Eberhardt, WwW. W. 
Einstein, S. 
Elfring, 'y: B. 
Ellis, G. P. 
English, W. M. 
Ernst, 5 
Eubank, Odin SEs 
Evans, E. B. 


Field, M. 
Fleming, B. G. 
Fogarty, W. B. 
Fosdick, W. P. 
Fox, O. H. 
Frank, 0. F. W. 
Franken, T. L. 
Freeman, B. W. 
Freiberg, J. L. 
Freiberg, J. M. 
Frey, G. J. 


Geers, J. F. 
Geier, F. V. 
Graney, R. W. 
Grimmer, E. A. 
Groene, W. LeB. 
Groom, J. H. 
Gudmens, H. W. 
Hamill, S. M., Jr. 
Hardy, C. F. 
Hartmann, C. 
Hassman, F. A, 
Haworth, H. L. 
Hecker, R. F. 
Heekin, D. M. 
Hehemann, F. H. 
Heilig, W. E. 
Heimbrock, J. H. 
Hess, S. E. 
Hickson, W. McL. 
Hilmer, 0. E. 
Hoblitzell, W. H., Jr. 
Howorth, R. W. 
Huddle, H. E. 
Jergens, A. N. 
Joerger, C. A. 
Johnston, P. K. 
Jordre, W. S 
Judd, 0. M 
Junker, W. H. 
Kaiser, BE. A. 
Kelly, T. C. 
Ketcham, C. B. 
Kiefer, C. J. 
Kiewit, A. L. 
Kinney, A. M. 
Kinney, W. S. 
Koehler, O. L. 
Kramer, V. J. 
Kraus, G. 

Kraus, W. R. 
Laubach, H. E. 
LeBlond, R. E. 
LeBlond, R. K. 
Lennart, R. P. 
Lockeman, G. F. 
Lontz, D. M. 
Macan, W. A., III 
Macneale, N 
Maier, H. J. 
Malany, H. S. 


Martellotti, M. E. 
Martin, E. J. 
Martin, J. G. 
Marx, H. 
McCool, H. 8. 
Merchant, M. E. 
Metzger, H. A. 
Meyers, F. H. 
Mitchell, C. A. 
Mitsch, BE. H. 
Mittendorf, W. 
Morris, W. S. 
Muller, E. A. 
Murphy, G. W. 
Muse, 
Nenninger, L. F. 
Nicholls, M. B. 
Northrup, F. B., Jr. 
Noyes, M. S 
Oster, E. A. 
Paque, E. J. 
Parker, A. R. 
Parker, R. S. 
Parsons, H. K. 
Pickel, W. F. 
Piecuch, A. J. 
Pope, H. L. 
Porter, H. T. 
Pugh, A. H. 
Rand, I. J. 
Ransohoff, N. 
Reese, E. W., Jr 
Reiser, F., Jr. 
Rhame, F. P. 
Rindsberg, H. D. 
Ritter, H. P. 
Rivoira, E. J. 
Robinson, L. G. 
Romaine, M. 
Russell, T. F. 
Sauerbrunn, E. S. 
Sayre, R. L., 
Schaefer, C. T. 
Schaefer, F. LeR. 
Schaeuble, O. H. 
Schaller, P. H. 
Schumann, A. P. 
Schuster, BE. C. 
Severding, H. W. 
Smith, R. L 
Somogyi, C. E. 
Spiehler, CO. H. 
Strauchen, D. M. 
Tangeman, W. W. 
Taylor, J. W. 
Taylor, R. M. 
Tuechter, A. H. 
Uihlein, H. C. 
Vancil, E. D. 
Verkamp, W. F. 
Vinnedge, E. W. 
Vockell, W. H. 
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Walter, J. M. 
Wanamaker, G. K., Jr. 
Wenner, J. J. 
White, M. G. 
Wilcox, E. M. 
Willey, F. W. 
Wong, Y. W. 
Wood, C. E. 
Wyman, L. A. 
Yates, R. C. 
Yeager, B. J. 
Young, D. V. 
Zilatin, N. 


CIRCLEVILLE 
Columbus Section 
McOoard, A. P. 


CLEVELAND 
Cleveland Section 


Acker, G. H. 
Adams, A. R. 
Adelson, J. S. 
Aldrich, W. H. 


Apperson, J. ise Ti. 
Armstrong, G. 
Arnold, G. 
Austin, S. F. 
Avery, J. W. 
Baker, R. E. 
Baker, W. C. 
Balthasar, F, L. 
Bareis, F. 

Barnes, G. E. 
Baron, B. 

Bates, A. H. 
Beedle, A. K. 
Benes, G. P. 
Benzon, G. H., Jr. 
Bernardo, E 
Blackmore, W. 
Blundell, E. E. 
Bobrowsky, A. R. 
Bodensieck, E. J. 
Bohanon, H. R 
Bolz, R. E. 
Bolz, R. W. 
Bostic, J. A. 
Brooks, C. P. 
Brooks, F. W. 


Campbell, A. L. 
Carman, E. S. 
Carman, T. 8S. 
Carmichael, ©. 
Carpenter, J. W. 
Case, I 
Casey, A. A. 
Chadwick, L. S. 
Chittenden, G. I. 
Churchill, W. R., Jr. 
Chvosta, 3p F. 


Codrington, "G. W. 
Coffie, R. S. 

Colby, H. S. 

Cole, L. C. 

Conley, W. J. 
Constam, A. F. 
Cook, E. C. 
Coppersmith, O. W. 
Coulter, E. E. 
Crankshaw, E. 
Cross, S. S. 
Cummings, E. H. 
Curtis, W. H. 

Dahl, B. F. 
Danielsen, A. L. 
Darke, R. S. 
Dauber, C. A. 
Davies, ie 


Day, W. H. 
Delamater, R. E. 
de Lapotterie, H. 
Desmon, L. G. 
Dickey, P. Ss. 


Doan, T. H. 
Doubrava, E. N. 
Dowden, EB. V. D. 
Draxler, J. A. 
Drumpelmann, O, T. 
Dudley, W. M. 
Dueringer, W. E. 
Dukelow, S. G. 
Dunes, W. A. 
Durham, G. E, 
Eiben, L. A. 
Einig, A. B. 
Fisele, P. T. 
Elder, J. T. 
Elliott, E., Jr. 
Emley, W. E., Jr. 


OHIO 


\ 


Engdahl, R. FE. 
Engelman, W. H. 
Erickson, R. E, E. 
Esterly, J. R. 
Finger, H. B. 
Fingerhut, S. 
Fliendner, A. T. 
Fraas, A. P. 
Freese, ©. E. 
Fryer, R. L., Jr. 
Fykse, L. D. 
Gabrielson, GQ. 
Gaehr, D. 

Gates, R. L. 
Geissbuhler, J. O. 
Geitmann, R. J. 
Georger, F. A., Jr; 
Gibson, A. E. 
Gill, N. F. 
Githens, Tea. hy 
Glazer, M. R. 
Gloor, W. T. 
Gorrie, H. H. 
Green, J. S. 
Green, T. A. 
Grey, R. E., Jr. 
Gruver, J. H. 
Guentert, D. C. 
Hadlow, H. R. 
Haentjens, W. D. 
Hainsworth, B. A. 
Hall, J. H. 
Hammond, H. M. 
Haney, H. B. 
Hardgrove, G. A., Jr. 
Harper, D. R. 
Hartmann, M. J. 


Heavilon, E. B. 
Heidmann, M. F. 
Heigl, OC. H. 
Hein, H. A. 
Heintz, R. M. 
Henderson, H. H. 
Henrikson, K. G. 
Herron, J. H. 
Hervey, E. 
Hickox, O. M. 
Higley, F. R. 
Hilborn, W. D. 
Hilker, H. W. 
Hoffman, G. A. 
Holms, A. G. 
Hosford, HH. W., Jr. 
Howe, a L. 
Hoyt, A. J. 
Huddleston, S. 0. 
Humiston, H. A. 
Huntington, R. H. 
Hutchinson, A. 
Illes, S. R. 
Irving, T. P. 
Tsidin, B. J. 
Jacklitch, J. J., Jr. 
Jacobs, M. R. 
Jardine, F. 
Jermy, L. E. 
Johnson, R. L. 
Johnson, W. A. 
Jones, J. G. 
Kacmarcik, V. E. 
Kaddeland, CO. R. 


Kilner, D. D. 
Kinkead, R. EB, 
Kirkpatrick, E. M. 
Kishel, 0. J 
Knoblock, J. E. 
Koski, E. J. 
Kostir, E. 
Kovacs, 8S. F. 
Kreiner, A. J. 
Kropp, E. 
Krueger, H. F. 
La France, R. 
Landes, T. E. 
Lane, R. S. 
Lange, M. E. 
Lansing, C. B. 
Lansing, J. H. 
Larner, H. R. 
Larson, R. LaF. 
Lash, 
Lawrence, A. D. 
Leisenheimer, R. H. 
Leonhard, F. J. 
Lewis, J. P. 
Lincoln, J. F. 
Lindseth, E. L. 
Little, O. H. 
Lock, T. 
Long, J. R. 
Longcoy, G. B. 
Longfield, W. F. 
Lootens, E. D. 
Lormor, H. W. 


OHIO (Cleveland) 


Lotz, R. W. 
Louzecky, P. J, 
Lucia, R. 
Lundin, B. T, 
Lynam, W. A, 
MacKay, J. 
Mackenzie, H, A, 
Main, J. M. 
Maleeki, M, B, 
Mantey, L. I, 
Margrave, W. 
Marinoff, G. 
Marsh, T. A. 
Marshall, H, B. 
Martindale, R, I, 
Martinson, 1, B. 
Mather, T, H. 
Matlin, O. 
Matlow, GQ. 
Matthes, M. TH. 
Matthews, B, HH, 
McCarthy, HB. KR. 
McOlelland, 0, O. 
McOlure, O,. R. 
McOort, J. FE. 
McGee, W. A. 
McKee, A. G. 
Melville, T. 
Mendelson, A. 
Meyer, G. L. 
Meyer, R. L. 
Miller, R. O. 
Minkin, H, L, 
Mitchell, L. ¥. 
Mlynko, W. FF. 
Moore, W. 
Moore, W. R. 
Morgan, J. EH. 
Moseson, M. L. 
Naujokse, W. 
Neguliel, 0. 
Newell, HW. B. 
Nilges, W. O. 
Nottage, H, B. 
Oberg, H. V. 
Oberst, H. BE. 
Obrig, A. 
Odbert, J. T. 
Oldenkamp, H, A. 
Oldham, i. L. 
Ostrach, 8. 

Ott, G. B., Jr. 
Parker, McR. 
Peiffer, H. BE, 
Perchonok, 1. 
Pergakis, N. 5. 
Perkins, P. J., Jr. 
Peters, M. D, 
Petty, P. B. 
Ptefferle, G, VW. 
Powell, 0. I. 
Prian, V. D. 
Quayle, LeR. A. 
Radinse, O, H. 
Raech, H., Jr. 
Ralph, J. R. 
Ray, W. R. 
Redlitz, A. O. 
Reed, K. W 
Reichard, H, G. 
Resek, M. 
Risley, D. L. 
Roberts, I. G. 
Robinson, M, B. 
Robinson, W. A. 
Rootes, H. A. 
Ruiz, J. J. 
Sachs, G. 
Sampson, M. B. 
Sanders, J. O. 
Schaeffer, P. A. 
Schalla, O. A. 
Schonitzer, R. I. 
Schwartz, H. A. 
Seely, W. 
Sessions, FB. L. 
Sessions, R. O. 
Shaffer, B. W. 
Sheflin, B. W. 
Shulman, M. 
Sich, EB. J. 
Siefert, O, Q. 
Sipko, M. 
Slaymaker, R. R. 
Slobey, R. J. 
Smith, R. 0, 
Smith, R. H. 
Smith, V. J. 
Sokol, T. J. 
Spatz, D. 
Spence, H. de L. 
Sprenkle, R. KE. 
Stahl, J. I. 
Stanbrook, R. O. 
Stanitz, J. D. 
Stephan, W. G. 
Stephenson, A. M. 
Sterbentz, W. I. 
Stern, A. P. 
Stewart, W. O. 
Stock, A. J. 
Stoeckel, A. L. 
Stroud, FE. G. 
Stubau, ©. J. 
Sutherland, O. R. 
Sutton, R. I. 
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Taylor, J. I, 
Thalman, A, J. 
Thomas, KR. G. 
Thompson, W. L. 
Thurston, 8. 

Tieke, W 

Tobias, N, 

Toma, J, 

Torrence, G, P, 
Townsend, 0, D. 
Troller, T. I, 
roth, H. 0. 

True, L. M. 
Trumbull, A. G. 
Trundle, G. T., Jr. 
Tuyve, G, L. 
Vaisman, W. 

Van Hamersveld, J. J. N. 
Varady, J, O. 
Vose, F. HH, 


Wallace, G, 
Wallace, L. W. 
Wallene, F. O, 


Weeks, J. TH. 
Wellman, 8. K. 
Weat, H. F. 
Wetherill, R., Jr. 
White, H. P. 
Whitehouse, I. 
Whitlock, 1, TW. 
Whitmyre, G, R, 
Wickenden, W. 
Wiitanen, W. W. 
Wilcox, W. W. 
Wilhelm, J. 1, 
Wilke, O. W. 
Willard, L. 
Williams, D. W. 
Williams, R. L. 
Wilson, II. M. 
Wileon, W. M, 


Wright, R. V. 


CLEVELAND 
HEIGHTS 


Cleveland Section 


Cosper, W. R., Jr. 
Vabel, D. O. 
Graham, G, R. 
Leeds, M. A. 
Mercer, A, L., Jr. 
Schnitman, A. R. 
Straus, I’, N. 
Walker, H, T., Jr. 
Ward, W. E. 
Winship, J. T. 


COLUMBIANA 
Youngstown Section 


Bieshelt, O. 
Woodward, J. A. 


COLUMBUS 
Columbus Section 


Allan, W. F. 
Allen, ©. M. 
Annis, R, K, 
Armstrong, Hi. T. 
Arrigo, V. P. 
Bagby, I. L., Jr. 
Barre, W. E., Jr. 
Beatty, R. J. 
Beitler, 8. R. 
Bell, W. D, 
Bettison, A. M, 
Birk, P. M, 
Blank, H. M. 
Boer, KH. J. 
Boyd, J. Bi. 
Brown, A, I. 
Browne, W. H. 
Bucher, P. 
Buckley, I. D. 
Oarlson, H. M. 
Cooney, R. LL. 
Oooper, O. D, 
Davis, W. L. 
Dayton, R. W. 
Dickerson, H. 8, 
BPngdahl, R. B, 
Erickson, FB. A. 
Faust, H. M,. 
Winneran, J. ., Jr. 
Frank, G. M. 
Gillivan, ©, Z, 
Glazer, K. 
Haney, @. B. 
Hazard, 15 et 
Herndon, L. K, 
Tinekle, D. A. 
Hirsch, G. 
Hitchcock, B. A. 
Holding, J. B. 
Holt, A. D. 


Jeffrey, KR. H. 
Johnson, Albert 
Pemberton 


Johnson, Allen Parke, Jr. 
' 


Johnson, G 
Keller, 1, G. 
Kendrick, J. B. 
Kerr, T. WH. 
King, W. J, 
Kousnetzoff, V. P. 
Kuska, M, 

Kuaka, N. 
Landry, B, A. 
Lehoezky, P. N. 
Lindahl, fi. J. 
Marco, 8. M. 
Marquis, I’, W. 
May, J. KE. 
McCoy, W. W. 
McOracken, W. O, 
Medley, WH. 0, 
Mercier, 8, M. 
Miller, R. P. 
Moeller, H. A, 
Moffat, G. N. 
Myers, O. O, 
Neil, 1. B. 
Norman, 0. A, 
Okey, P. 
Paffenbarger, R. 8. 
Purdy, J. L. 
Rader, D. A, 
Reul, R, P. 
Roberta, O. P. 
Rumfelt, 1, F. O. 
Sampson, I. M, 
Schumacher, XK. B. 
Sherman, R. A. 
Simona, . M. 
Smith, ©. D, 
Smith, P. 1. 
Stang, J. WH. 
Stertzbach, Hi. W. 
Stinson, K. W, 
Swetting, J. R, 
Tansley, L. R. 
Thomas, A. TI, 
Thomas, T. N, 
Thompson, M, B, 
Tucker, R, N. 
Vierck, O. J. 
Walendy, M. F. 
Welcker, W. A., Jr. 
Widerman, M. A, 
Williama, O. Wi. 
Wyatt, DeW. HH. 
Wyer, 8. 8. 

Yost, 8. H. 


CUYAHOGA TALLS 
Akron-Canton Section 


Hamlen, f, K, 
Lemley, B. W. 
Walker, A. G. 


DAYTON 
Dayton Section 


Aller, W. F. 
Anderson, A. 8. 
Anderson, W. B. 
Baker, R. L. 
Bardwell, A. G., Jr. 
Barrows, W. I, 
Tsaugh, &. 1. 
Benscoter, D. B. 
Berry, W. A. 

Blank, W. Ff. 
Bridge, L. R. 
Broderick, H, L. 
Buvinger, G. A. 
Canby, H. B. 
Castellano, Cc; 
Ohasman, B, 
Ohryat, W. A. 
Conrad, Hh. K, 
Coors, R. M. 
Ourtis, A. J. 
Darling, W. M., Jr, 
Depue, O, A., IIL 
Downs, W. D. 
Dworzan, J. 8. 
Ernest, W. 
Eschborn, R. J. 
Feicht, EH. R., Jr. 
Voster, T, G. 

Gano, H, Meh. 
Gayer, J. D. 
Gebhart, TH. 
Gerritzen, WH. K, 
Gibbons, M, J. 
Giasmond, HH. fi, 
Goerlitz, J. J. 
Goldberg, M, M. 
Gregory, W. K. 
Hamilton, 1. B, 
Hartnell, G. FP. 
Hege, J, O 

Heiney, L. &, 
Hunter, J. 8. 

Ng, H. L. 

Isely, F, D, 
Johnson, B. G. 
Jones, M, M 


Kemmer, P, TW, 
Kennard, D. O., Jr. 
Keusch, R. B. 
Kimmel, A. W. 
Koenig, W. O. 
Krase, J. M. 
Krueger, J. W. 
Landa, H.W. 
Lau, FF. L.-8, 
Levine, B. 
Lineker, BH. 
Loefiier, W. B. 
Magrath, HW, A. 
Malersperger, W. P. 
McCormick, WF, TH, 
McKeand, M, L. 
Medicl, J. J. 
Mele, T. W. 
Miller, W. B. 
Moon, Li ©. 
Moore, R. O. 
Newton, A. B, 
Olt, R. GO, 

Paul, B. 2, 

Polk, A. F. 

Polk, L. ¥. 

Post, N. 
Rathburn, J. A. 
Ringo, W. fh. 
Robinson, J. P. 
Romanowich, RN. R. 


Schlub, O. I. 
Schulz, F, J. 
. 


Shaw, H. W. 
Shimer, J. M., Jr. 
Sloma, L. V. 
Smith, @. D, 
Smith, W. P, 
Spiller, W. R. 
Staley, D, O. 
Stein, F, W. 
Steurer, G. KE. 
Sussman, W. 

Tate, B. H., Jr. 
Terpenny, Gq. Hh. 
Thieme, W. I. 
Toulmin, H. A., Jr. 
Townsend, J. A, 
Treadwell, B. 
Voak, 8. P. 

Von Pein, f. J. 
Weber, A. R. 
Wenig, H, G. 
Wiggenhorn, R. TH. 
Wight, O. 

Wilde, R. 8. M., Jr. 
Woll, I. E. 

Wood, Hep +1 
Wright, 0. 

Wylly, A. 


DEFIANCE 
Toledo Section 


Ohamplin, D. W. 
Ttummer, R, G. 
Kinker, ©, 0. 
Suari, T. A, 


DELPHOS 
Saunders, O. B. 


DORSET 
Freeman, A. W. 


EAST OLEVELAND 
Cleveland Section 


Quigley, B. P. 
Siegel, G. J. 
Stoll, O. TW. 
Wright, D, K. 
EAST LIVERPOOL 
Youngstown Section 


Wilhelm, D. M. 


ELYRIA 
Cleveland Section 


Boeckling, G. A, 
Oomber, W. R. 
Hannon, W, W. 
Kimball, D. §., Jr. 
Shipman, W, H. 


ERIESIDE 
Cleveland Section 
Ober, G. O. 


EVOLID 
Cleveland Section 
Cheaters, I, O, 
Hoffman, i. T, 


Isabella, B. J. 
Stuechell, RBs 
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FAIRFIELD 
Dayton Section 
Shirley, WH. J. 


FAIRPORT 
Cleveland Section 
Schwendler, R. H. 


TAIRVIEW VILLAGE 
Spencer, F. W. 

FINDLAY 
Flowers, Hi. F. 


FOSTORIA 
Toledo Section 
Hodge, B. T. 
Koester, O. J. 
FRANKLIN 
Dayton Section 
Martindale, R. M. 


FREMONT 
Toledo Section 
Brooke, Tl. W. 


GERMANTOWN 
Dayton Section 
Zehring, R. M. 


GLENDALE 
Cincinnati Section 
Davidson, G. BE. 
Miller, W. D, 
GRANVILLE 
Columbus Section 
Powers, M. M, 


HAMILTON 
Cincinnati Section 


Boyer, F. G. L. 
Buechler, R. M. 
Fahrlander, H. W., Sr. 
Glaser, O. EB. 
Kahn, B, B. 
Kutter, H. L. 
Kutter, R. L. 
Morain, W. A. 
Randall, @. B. 
Reimer, O, 0, 
Schlichter, f, W. 
Staege, 8. A. 
Thomas, L, G. L. 
Trowbridge, F. 0. 
Wood, A, 

Wood, T. FE. 
Yingling, F. B. 


HOWARD 
Akron-Canton Section 
Salls, D. M. 


HUDSON 
Cleveland Section 
Wanski, M. H. 


IRONTON 
O'Leary, J. J. 


IVORYDALE 
Cincinnati Section 


Hyatt, R. 8. 
Miller, D, B, 
Montillon, q. D. 
Short, R. J. 
Spalding, Fr. W. 
Welge, H. B, 
KENT 
Akron-Oanton Section 


Gebhardt, 0. W. 
Propper, O. H. 
Saginor, 8. V. 
Soper, 6. 0, 


KENTON 
Columbus Section 
Breidenbach, P. H. 


LACARNE 
Toledo Section 


Bell, D. L, 
Keyserling, B. TH. 


LAKEWOOD 
Cleveland Section 


Annin, J. B. 
Burdg, G. W. 
Hitz, R. HB. 
LeMay, J. E. 
LANCASTER 
Columbus Section 


Richards, T. E., Jr. 


LIMA 


Abderhalden, R. B. 
Deane, O. A. 
Donovan, M. J. 
Ellis, D. 8. + 
Klee, WH. D, 
Galvin, J, EB. 
Jones, O, BE. 
Mitchell, W. Hi. 
Mulheim, J. E. 
Peterson, I, L. 
Schultz, O. B. 
Shook, W. M. 
Smith, G. W. 
Snyder, H. W. 
Townsend, A. J. 
Weilerich, A. O. 
Wheeler, B. 
LISBON 
Youngstown Section 


Huston, E. H. 


LOCKLAND 
Cincinnati Section 
ore J. ©., Jr. 
Woodruff, FE. B, 
LORAIN 
Cleveland Section 


Bowden, 0. L, 
Brown, O. F, 
FHvans, J. N. 
Kerr, D. 0. 
Llewellyn, H. Z. 
Wales, O. O, 


LUCKEY 
Toledo Section 
Jenks, F, 


MACEDONIA 
Akron-Canton Section 
Peck, FE. O, 


MADISON 
Cleveland Section 
Lovett, L. BE. 


MANSFIELD 
Akron-Canton Section 


Boyd, L. R. 

Kdwards, H. E. 

Grant, W. W. 

Wolf, O. F. 
MAPLE HEIGHTS 
Cleveland Section 


Newton, D, L. 


MARIETTA 
Akron-Canton Section 
Park, F. O. . 


MARION 
Barnhart, WH. J. 
McNeil, M. O. 

MARTINS FERRY 
Pittsburgh Section 
Roberts, O. A, 


MASON 
Dayton Section 
Boynton, W. 8. 


MASSILLON 
Akron-Canton Section 
Buchanan, D, D, 
MeMullen, G. 0, 

Nelson, BE. WH. 

Wilson, R. O. 
MENTOR 
Cleveland Section 

Moulton, L. J. 


MIDDLETOWN 
Dayton Section 


MONTPELIER 
‘Schwartz, H. A. 


MORAINE CITY 
Dayton Section 
| “Whistler, C. ©., Jr. 


113 MORROW 
Dayton Section 
| WWetz, L. R. 


MT, GILEAD 
Anderson, So P3 
| ‘Semple, G es 
| 
q MT. VERNON 


Albright, A. A. 
' Gehres, H. A. 


‘Lai, W. 

‘Spencer, KE. R. 

NEWARK 

| Columbus Section 

| Kleist, D. 

| Reed, T. W. 

| | Skubik, E. B. 

NEW CARLISLE 
Dayton Section 

|. MeNeill, F: R. 


NILES 


| Schaefer, F. R. 


Acheson, L. K. 
) Beckwith, O. R. 
_ Boger, O. E. 
- Daiger, G. P. 
_ Kaufman, G. E. 
* Kirsch, C. W. 
Mummery, O. R. 
' Smellie, D. G. 


NORWOOD 


Cincinnati Section 


Langhorst, R. T. 
Rubendunst, R. F. 
Saveland, W. T., Jr. 
Schubert, E. H. 


OAKLEY 


Cincinnati Section 


Rollman, M. E, 
ORRVILLE 


Akron-Canton Section 


Shriner, O. R. 
Williams, R. 8. 


OSBORN 
Dayton Section 
Burns, L. G. 


OTTAWA 
Eckert, J. 8. 


PAINESVILLE 


Braski, N. J. 

\} Brumbau he 0. O. 
Butler, A., dt. 
Callouette, Ris E. 
Campbell, O. L 
Fleming, R. M. 

bs Hobbs, J. O. 

Hudson, EB. L. 
Moore, J. A. 
Shie, O. H. 


Youngstown Section 


NORTH CANTON 
Akron-Canton Section 


Cleveland Section 
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PATTERSON FIELD 


' Dayton Section 
Sietsma, S. J. 


PERRYSBURG 
Toledo Section 
Bell, F. 8. 


PHILO 


Barr, H. V. 
Wolpert, P. J. 


PIQUA 
Dayton Section 


Grimes, R. V. 
Ketcham, H. H, 
Stacy, T. F, 


POLAND 
Youngstown Section 
Ovesen, H. 


PORTSMOUTH 
Carson, G. B. 
READING 
Cincinnati Section 
Ourtis, E. H. 


ROCKY RIVER 
Cleveland Section 
Orane, E, 0. 
ROSSFORD 
Toledo Section 
Rogers, W. D. 
8ST, BERNARD 
Cincinnati Section 
Peterson, R. O. 


SALEM 
Youngstown Section 


Potter, R. 


SANDUSKY 


McWane, G. R. 
Millspaugh, W. H. 
Wied, J. P. 


SEBRING 
Youngstown Section 
Chicoine, H. D. 


SHADYSIDE 
Pittsburgh Section 
Hadden, G. L. 


SHAKER HEIGHTS 
Cleveland Section 


Graham, J. J. 
Kain, BE. M. 
Porter, W. H, 
Roberts, A 


SHARONVILLE 
Cincinnati Section 


Patterson, H. R. 
Pfeffer, G. E. 


SHELBY 
Akron-Canton Section 
Dewey, R. EK. 


SIDNEY 
Akron-Canton Section 


Bickel, O, A. 
Brandenburg, 8. A. 
Weinbrecht, J. F. 
Whipp, W. HE. 


SOUTH EUCLID 
Cleveland Section 
Kline, P. A. 
SPRINGFIELD 
Dayton Section 


Anderson, O. M. 
Ball, C. W. 


Bauer, O. L. 
Biddle, R. W. 
Biggs, G. A. 
Clingerman, R, L. 
Collier, R. H. 
Downey, B. F 
Kraus, 0. EB. 
Layton, J. W. 
McAdams, J. BE. 
Ostborg, J. 
Schmid, A. W. 
Schmidt, R. B, 
Shouvlin, P. J. 
Wheeler, J. 
Wise, H. A., Jr. 


STEUBENVILLE 
Pittsburgh Section 


Di Cesare, I. P. 
Lyngstad, A, KE. 


SWANTON 
Toledo Section 


Baker, L. R. 
Langenderfer, R. O. 


TIFFIN 


Friedman, J. H. 
Hall, R. W. 


TOLEDO 
Toledo Section 


Alexander, O. A. 
Bame, M. 
Bennett, H, A. 
Bennett, H, D, 


Olark, W. L., “Sr. 
Dean, J. W. 

de Coriolis, BE. G. 
Dicks, N. A. 
Dobrow, H. P. 
Dorman, N. W. 


Graves, F. E. 
Greiner, J. O. 
Hallenbeck, G, 
Hallenbeck, T. L. 
Hankins, O, 
Hem, H. 0. 
Hill, R. FF. 
Jobst, O. 
Junker, A. J. 
Kerr, H. H. 
Knapp, P. R. 
Kranich, H. 0. 
Linker, J. J. 
Lufkin, G. 
Marker, R. H. 
McBee, E. L. 
McCandless, W. 
Meyer, F. J. 
Middleton, L. H. 
Mooney, %; D, 
Moran, W. R. 


Pafenbach, 0. H. 
Palmer, D. M. 
Peters, O. J. 
Platou, L. 8. 
Pomeroy, O. R, 
Robbins, I. P. 
Rud, G. F, 
Schroeder, sh 0, 
Schutz, H. 


Spaulding, B Ojor 
Spence, 
Tawresey, cf 8. 


Vogel, H. 

NES Nort or, A. 
Weaver, E. W. 
Williams, R. M. 
Wislicenus, G. F. 
Woodbury, G. F. 
Yaryan, H, L., Jr 


TROY 
Dayton Section 
Paschall, A. Le 
UNIVERSITY 
HEIGHTS 
Cleveland Section 
Shaw, A. D, 


VAN WERT 
Ft, Wayne Section 
Tinker, O. A. 


WADSWORTH 
Akron-Canton Section 


Doster, H. G. 
Golder, J. D, 
Lindsay, D, 


WARREN 
Youngstown Section 


Brown, A, 
Headley, L, M. 
Krebs, i. P. 
Maasare, Q. P. 
Melin, H, Ki. 
Miller, P. W. 
Parker, W. W., Jr. 
Pealer, R. B. 
Sudranski, L. L. 
Wean, R, J. 


WEST LAFAYETTE 
Akron-Canton Section 
Plorek, R. 8. 


WILLOUGHBY 
Cleveland Section 


Oritzer, R. D. 
Fisch, R. V. 
Troflmov, L. A. 


WILMINGTON 
Dayton Section 
Murphy, J. V. 


WOOSTER 
Akron-Canton Section 


Fabens, A, Lu, Jr. 
Morris, T. B. 


WORTHINGTON 
Columbus Section 
Fitz, H. M. 


YELLOW SPRINGS 
Dayton Section 
Lawaon, 8. O. D, 


YOUNGSTOWN 
Youngstown Section 


Brown, G. B. 
Oharignon, M, J. 
Duffey, P. Ry 
Jantech, HH. 


Koran, 8. EH. 
Lindemuth, F. L. 
McCormick, O. E. 


Rider, WH. N. 
Thurman, A, L, 
Wadleck, J. P. 
White, I. L. 
Wick, J. L., Jr. 
Wills, O. A. 


ZANESVILLE 


Greer, E. 8, 
McCoy, W. I. 
Peterson, V. R. 
Raymond, T. H. 
Kode nbaugh, 10M A 


OKLAHOMA 


BARTLESVILLE 
Mid-Continent Section 
Blades, R, T. 


Oreel, W. H. 
Dolezal, Vi. 
Hider, H. J. 
Palrle , &. G. 
Fanuhier, O. 
Hefty, P. M. 
Kleinmann, &. i. 
Meade, L. P. 
Ogden, P. 
Achoenthaler, RK. 
Sears, H, T. 
Sibbitt, W. L. 
Simonson, Ui, Hh. 
Tarr, L. ts 
Thomas, KR. W. 
Thomas, W. M. 
Walker, V. J. 
Weber, L. J. 
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OHIOKASHA 
Mid-Continent Sootion 
Thomas, J. TH. 


OUSHING 
Mid-Continent Section 
Donahue, 1. B. 


DUNOAN 
Mid-Continent Section 


Herndon, L. J., Jr. 
Morrisott, O. L. 
Oliver, O, N. 
Ownley, W. D, 
Tomlinson, J. Ry 

FT, SILL 
Mid-Continent Section 


Aufrichtig, J. 1, 

Gero, G, 

Johnson, W. F. 

Vecchiotti, I, 
HOBART 

Mid-Continent Section 


Spotts, W. M, 


KILDARE 
Mid-Continent Section 
Coating, R. Ty 


LAWTON 
Mid-Continent Section 
Mallon, #. J. 


McALESTER 
Mid-Continent Section 
Ohapin, G, W. 

Hall, L. W. 
MUSKOGEER 
Mid-Continent Section 

Smith, P. M, 


NORMAN 
Mid-Continent Section 


Juraon, W, VI, 
Creec h, M D, 
Dawson, i, i, 
Welgar, J, VW, 
McDonald, A, A, 
Myers, ©, lL, Jr. 
Sima, 1M. M, 


OKLAHOMA OITY 


Mid-Continent Section 


Blake Ww, 
Pienaar fh, B. 
Bullen, O. K, 
Chrintenae fl B. A, 
Oook, K, 
Pengles, R. yt, 
Howard, O. N. 
Huckle, M, 8, 
McFarland, R. B. 
Rankin, ee - 
Raymond, 
Sherman, W. 8, 
Sherman, W, 4, Jr. 
Sloss, L. KH. 
Smith, H, f., Jr. 


Willis, 9, ‘0. 

Wood, Hl. V. 
OKMULOEE 
Mid-Continent Section 

Roach, J. W. 


PERRY 
Mid-Continent Section 
Malzahn, G. H. 


PONOCA CITY 
Mid-Continent Section 
Miller, W. 

Schwe mnik, H, 0; 
SEMINOLE 
Mid-Continent Section 

Hurt, ft, M. 

McDonald, J. ¥. 
SHAWNEE 
Mid-Continent Bection 

Orita, Rh. G. 


OREGON 


ATILLWATER 
Mid-Continent Beotion 


Aldrich, TB. M, 
Baker, B, O, 
Bandelier, G. 1, 
Leonard, O. M, 
Thuesen, HW, G. 
Worthley, L. H., Jr. 
Young, Vv. W. 


TULSA 
Mid-OContinont Bootion 


Aude, T, R. 
Ayers, R. G. 
Ballin, A, Hi. 
Barrett, D, O, 
Uauman, W, 1, 
Bernard, If, 1, 
Boyd, J. Ce 
Brindel, 
Caldwell, i 
Cant, D. A, 
Coleman, G, A. 
Colgin, It. A, 
Oook, B. V. 
Danach, t J, 
Ducker rode 
Wage, b. WW. 
Varnham, D, W. 
Wielda, D, 1, 
outer, D. Wt, 


.» Mach, 


Gibbs, ", 
Giopeba 0, O, 
Hanawen, A. J. 
Heltzel, Ms a, 
Hoevel, 0, 
Holway, a ft. 
Horne, A. N, 
Muteheratt, D, Th, 
Mutcheratt, D, KK, 
Jnneo, N, 
Jolinson, D, O, 
Jones, J. D, 
Keplinger, O. WM. 
Kershner, 8. G, 
Keyos, J. TH. 
Lane, R. K, 
Lewis, O. DL. 
MeOVonnell, GQ. 
Mcllhiney, J. @. 
Miller, 8. M. 
Parker, HB. HH. 
Vierce, Hl, Wt. 
Polston, J. Wt 
Pope, §. WH. 
Pyeatt, F 
Ratcliffe, I. 
Reagan, L, 8. 
Khoed, It, Dell, 
Shields, W, EH. 
Amith, 1, m 
Spears, i. O. 
Stevens, O, A. 
Stewart, W. 
Tuttle, Kh. DB. 
Wella, O. G, 
Wienecko, TH. A. 
Williama, G, ¥. 
Wilson, J. A. 
Woolslayer, 7 J. 
Wyckotl, G. 


OREGON 


ASTORIA 
Oregon Bection 
Gamon, T, Ty 
Yusem, H, Kt, 
CORVALLIS 
Orogon Bection 


Arents, O. A. 
fangonser, W. B, 
Grat, 8. Hi, 
Mutchinson, D, 
Klein, L. M, 
Martin, W. 
Mater, M. H. 
Kichardson, R, Lev. 
Skinner, W. J. 
Hlegel, LL. 


EUGENE 
Oregon Hoction 
pons, - ag 

Jack, 

Von 'voigniande r, O. 
GRANTS PABS 
Oregon Boction 

Murray, W. FB. 


LA GRANDE 
Oregon Boction 
Loties, H. F. 


OREGON 


OREGON CITY 
Oregon Section 


Harbke, H. C. 
Judson, C. J. 
Pearl, W. A. 


PORTLAND 
Oregon Section 


Caldwell, E. 
Calkin, E. D. 
Chaput, A. J. 
Christerson, P. D. 
Clayton, M. M. 
Collins, G. A. 


Falkovich, 0. Cc. 
Foley, E. M. 
Ford, A. D., Jr. 
Hall, E. L. 
Hays, L. T. 
Hoyt, R. D. 
Johannsen, J. F. 
Joost, G. E. 
Jordan, W. McC. 
Kerzel, A. 
Kierulff, J. L. 
Kramer, B. L. 
Matter, G. O. 
McCanna, F. J. 
McDougall, G. F. 
McGonigle, ©. 
Meany, J. M. 
Miller, E. B. 
Mills, V. B. 
Myers, M. E. 
Nelson, O. 
Ober, T. M. 
Ofner, F. R. 
Osipovich, A. A. 
Othus, J. ©. 


Rutherglen, uN 
Schaefer, D. D. 
phenueras 15, Je bes 
Siecke, K. H. 


Whittlesey, D. W. 
Whittlesey, J. W. 


TROUTDALE 
Oregon Section 
Mershon, O. E. 


PENNSYLVANIA 


ABINGTON 
dase: Section 
Evoy, 
Keller, Me, D. 
ALDAN 
Philadelphia Section 
Jauss, A. O, 


ALIQUIPPA 
Pittsburgh Section 


Benson, S. W., Jr. 
Brownstein, B. 
Cronemeyer, H. C. 


ALLENTOWN 


Anthracite-Lehigh 
Valley Section 


Ambler, F. M. 
Bernhard, R. 


Hamilton, ae S., Jr. 
Hatfield, H. F. 
Hensinger, Oo. E. 
Jones, M. D. 
Matthews, B. S. 
McNeely, G. G. 
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Morton, W. B. 
Moyer, R. E., Jr. 
Reinicker, N. G. 
Schmoyer, R. L. 
Shelly, L. W. 
Williams, D. G. 
Wyatt, R. M. 


ALTOONA 


Central Pennsylvania 
Section 


Jones, L. B. 
Koch, G. B. 
McDonnell, W. P. 
Rhoads, G. E. 
Watson, B. B. 


AMBLER 
Philadelphia Section 
Haywood, J. 
AMBRIDGE 
Pittsburgh Section 
Baumgartner, ©. G. 


Livitski, W. J. 
McElwain, S. McC. 


ARDMORE 
Philadelphia Section 


Bachman, B. B. 
Battle, J. R. 
Turner, W. E. 


ASHLAND 


Anthracite-Lehigh 
Valley Section 


Laubenstein, A. R. 


ATHENS 


Anthracite-Lehigh 
Valley Section 


Jimerson, F. A. 
Maclay, W. R. 


BALA-CYNWYD 
Philadelphia Section 


Carlin, J. A. 

Feicht, E. R. 
O’Brien, J. K. 
Wangelin, H. 


BEAVER FALLS 
Pittsburgh Section 


Brown, J. M. 
Hamilton, N. 
Labounsky, N. N. 
Livingstone, E. A. 
Sadler, C. R. 
Weiss, A. 

Wheat, O. G. 


BELLEFONTE 


Central Pennsylvania 
Section 


Skawden, O. J. 


BELLE VERNON 
Pittsburgh Section 
Selkirk, W. M. 


BERWICK 


Anthracite-Lehigh 
Valley Section 


Berlau, C. J. 
Bloom, K. W. 
Dietrichson, W. F. 
Folmsbee, OC. H. 
Martis, J. M. 
Udstad, S. F. 


BETHLEHEM 


Anthracite-Lehigh 
Valley Section 


Andrews, A. H. 
Barney, J. 
Bates, A. C. 
Bates, A. E. 
Bates, R. E. 
Bliss, J. W. 
Burns, W. A. 
Butterfield, T. E. 
ae A. W. 

J., Jr. 
S 


Dudley, J. H. 
Erdoss, B. K. 
Fine, L. 

Fleischer, T. 
Gould, L. J. 


aay J. B. 
Hill, 

Hilgert, M. G. 
Holme, T. T. 
Jackson, T. E. 
Klein, A. W. 
Larkin, F. V. 
Lehr, O. E. 
Mengel, J. F. 
Morris, M. K. 
Phillips, J. L., Jr. 
Randich, E. A. 
Redfield, S. B. 
Richardson, E. A. 
Robinson, ©. H. 
Stampfle, R. B. 
Struble, G. W. 
Stuart, M. C. 
Webster, J. F. 
West, J. T., Jr. 
Whitehead, R. C., Jr. 
Willis, R. L. 
Wright, C. M. 


BIRDSBORO 


Anthracite-Lehigh 
Valley Section 


Japikse, B. 
Laussucq, H. P. L. 
Peterson, E. T. 


BLAWKNOX 
Pittsburgh Section 
Ewart, H. E. 


BOSTON 
Pittsburgh Section 
Patterson, P. ©. 


BRADDOCK 
Pittsburgh Section 


Booth, H. W. 

Drummond, W. D. 

Thomas, J. A. 
BRADFORD 


Central Pennsylvania 
Section 


G. D. 
Mullhaupt, A., Jr. 
Rose, J. H. 
BRIDGEPORT 
Philadelphia Section 
Barker, G. S. 
Gperhicltzes, R. E. 
BRIDGEVILLE 
Pittsburgh Section 


Greenslade, G. R. 
Harmuth, J. T. 
Masters, W. C. 
Williams, M. F. 


BRISTOL 


Philadelphia Section 


Anderson, R. T. 
Budzyko, E. J., Jr. 
Collier, T. A., Jr. 
Fetters, G. H. 
Hetherington, I. J. 
Merrill, D. R. 
Robertson, E. N. 
Schneider, G. W. 
Sinton, J. J. 
Toppin, F. V., Jr. 
Wene, A. W. 


BRODHEAD 


Anthracite-Lehigh 
Valley Section 


Franks, F. B. 


BRYN MAWR 
Philadelphia Section 
Kent, S. L., Jr. 
MacGregor, R. E. 
Poultney, J. L. 
BURNHAM 


Central Pennsylvania 
Section 


Foster, W. H. 
BUSTLETON 


Philadelphia Section 
Gribbel, J., II 


BUTLER 
Pittsburgh Section 


Brandon, J. C., Jr. 
Scholtz, H. J. 
Spang, F. J. 


CAMP HILL 
Susquehanna Section 
Lindemuth, R. L. 


CANNONSBURG 
Pittsburgh Section 


Butz, G, A., Jr. 
Stamm, J. D. 


CARBONDALE 


Anthracite-Lehigh 
Valley Section 


Hamilton, W. J. 


Hiller, N. H. 
Kirgan, J. F. 

Siebold, H. N. 
CARLISLE 
Susquehanna Section 

Irwin, W. 
Masland, ©. H., II 
CARNEGIE 


Pittsburgh Section 
Creveling, D. R. 
Rickley, S. S. 

CATASAUQUA 


Anthracite-Lehigh 
Valley Section 


Douglass, A. E. 
Morrow, J. H. 
CEMENTON 


Anthracite-Lehigh 
Valley Section 


Hoke, A. 


CENTRE HALL 


Central Pennsylvania 
Section 


Henshall, P. P. 


CHAMBERSBURG 


Central Pennsylvania 
Section 


Alcorn, R. L., Jr. 
Clarke, E. O. 
Harrison, R. E. W. 
CHARLEROI 
Pittsburgh Section 


Arentzen, E. M. 
Jackson, J. K. 
Mucha, R. S. 
CHESTER 
Philadelphia Section 


Anderton, E. F. 
Barrance, J. A. 
Bogardus, F. J. 


Richmond, AG Bene 

Shaver, P. E. 

Sieffert, J. E. 

Stratton, J. A., Jr. 
B. 


Wirtsen, E. 

Young, E. T. 
CHRISTIANA 
Philadelphia Section 

Morgenroth, R. J. 


CLAIRTON 
Pittsburgh Section 
Wise, D. E. 


CLARION 
Pittsburgh Section 
Miller, ©. A. 


CLIFTON HEIGHTS 
Philadelphia Section 
Kent, R. H. 
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COATESVILLE 
Philadelphia Section 


Carson, H. V. 
Chapman, E. 
Charlton, E. J. 
Conway, M. J. 
Douglass, W. L., Jr. 
Huston, ©. L. 
Lewis, H. B. 
Lewis, H. F. 
Mallay, P. D. 
Mitchell, J. E., Jr. 
Oldham, P. T. 
Snyder, G. L. 


COLLEGEVILLE 
Philadelphia Section 
Lundelius, J. F. 

CONESTOGA 
Susquehanna Section 
Hess, W. B. 


CONNELLSVILLE 
Pittsburgh Section 


Piazzoli, L. P. 
Secoy, L. D. 


CONSHOHOCKEN 
Philadelphia Section 


Logan, J. W. 
Sargent, R. B. 


COOPERSBURG 
Philadelphia Section 
Schenck, C. 


COPLAY 


Anthracite-Lehigh 
Valley Section 


Uhle, D. J. 


CORNWELLS 
HEIGHTS 


Philadelphia Section 
Donahue, P. 


CORRY 
Erie Section 


Mapes, J. M. 
Rainesalo, C. I. 
Whittlesey, F. E. 


CREIGHTON 
Pittsburgh Section 


Lytle, W. 0. 
Orr, L. 

Robson, C. J. 
von Kaske, K. H. 


CRESSONA 


Anthracite-Lehigh 
Valley Section 


Jeffries, E. 


CROYDON 
Philadelphia Section 
Barten, E. A. 


CYNWYD 
Philadelphia Section 
Johnson, J. M. 


DANBORO 
Philadelphia Section 
York, M. K. 


DOWNINGTOWN 
Philadelphia Section 


Johnson, A. C. 
Kerr, E. 
Shoemaker, W. Mac. 
Street, E. T. 
DOYLESTOWN 
Philadelphia Section 
Harris, W. B. D., Jr. 


DRAVOSBURG 
Pittsburgh Section 


Dailey, W. H., Jr. 
Smiley, C. B. 


ve 


DREXEL HILL 
Philadelphia Section 


Farnsworth, P. L. 
Giacchino, G. E 


McCarty, R. A. 
Midtlying, O. R. 
Shull, D. E., J 


DUQUESNE 
Pittsburgh Section 


Irey, L. D. 
Llewellyn, J. E. 
Mayer, W. J. 


DUSHORE 


Anthracite-Lehigh 
Valley Section 


Roushey, R. E. 


EASTON 


Anthracite-Lehigh 
Valley Section 


Anderson, W. E. 
Casey, G. R. 
Dowson, H. R. 
Eaton, P. B. 
Fernald, E. M. 
Freytag, J. R. 
Gish, J. A., Jr. 
Graf, J. R. 
Hamnierstone, J. E. 
Hulbert, W. G. 
McKelvy, F. G. 
MeMackin, G. E. 
Neff, J. W. 
Raymond, W. 
Reaser, W. E. 
Snovel, E. R., Jr. 
Snyder, W. E. 
Sweeney, R. J. 
Tydeman, W. A. 


EAST PITTSBURGH 
Pittsburgh Section 


Baudry, R. A. 
Brecht, W. A. 
Bruzelius, E. M. 
Burke, E. B. 
Candee, ee ish 
Carl, W. 
Chaffey, oe & Jr. 
Criner, H. 
Dague, A. BD 
DeZubay, E. A. 
Dickens, C. G. 
Eagles, J. R. 
Erhard, R., Jr. 
Florschutz, F. E. 
Fort, T. 
Graham, PSS: 
Griffiths, E. 
Heller, P. R. 
Hershey, A. E. 
Herwald, S. W. 
Kazik, J., Jr. 
Kocsis, J. 
Laffoon, C. M. 
Langer, B. F. 
Lessmann, G, P. 
Linsenmeyer, J. Z. 
Longabaugh, G. P. 
Macha, E. A. 
Mallick, R. W. 
Manjoine, M. J. 
Manuele, J., Jr. 
MeVetty, P. G. 
Metz, G. W. 
Mikina, S. J. 
Monteith, A. C. 
Montgomery, O: D: 
Morse, W. H. 
Mullan, E. 
Nadai, A: L. 
Peck, C. E. 
Peterson, R. E. 
Phillips, T. I. 
Powel, C. A. 
Rashevsky, M. 
Robertson, B. P. 
Rushing, F. C. 
Schneider, W. 
Thornton, F., Jr. 
Tingquist, S. C. 
Toolin, P. R. 
Truxal, O. S. 
Vollmer, P. L. 
Wahl, A. M. 
Warneke, M. J. 


Wilson, E. L. 
Wommack, K. L. 
Wright, R. H. 


1 jEAST STROUDS- 
URG 


I I 


A 
- Valley Section 


\| oushell, O. O. 
wake, O. E. 
| onaco, J. O. 
‘taylor, E. H. 


EDDYSTONE 
| beniladelphia Section 


|\gawain, T. 

“iordano, J. 

eck, J. 

It oward, K. 8. 
obson, C, A. 

“Cuchler, Wray 


| echimpt, RF. Je Jr. 


4teffens, J. 
| Taylor, ’B. W. 
| ‘ravilla, J. C., Jr. 
| Whitehead, ©. P. 
| Young, H. R. 
EDINBORO 
Erie Section 


| Wye, R. G. 

ELKINS PARK 
Philadelphia Section 
‘Gebert, R. O., Jr. 


ELLWOOD CITY 
Youngstown Section 


axter, J. W. 
unn, J. J. 
‘Moore, F. E. 
Smith, H. W. 


ELRAMA 
Pittsburgh Section 
\WPolick, J. W. 


EMMAUS 


Anthracite-Lehigh 
! Valley Section 


Kalmbach, F. 


EMPORIUM 


_ Central Pennsylvania 
Section 


Freed, D. W. 
McLean, M. L. 


i ERIE 
Erie Section 


Atkinson, E. 8S. 
Bach, G. W. 
‘{Baldwin, H. P. 
|. Binder, ‘A. F. 
| Blunt, R. R. 
Korgel, B. F. 

' Bowlus, B. H. 
Bradt, M. 
Brinig, F. G. 

- Bunting, F. W. 
Cain, B. S. 
Campbell, B. W. 

- Crompton, E. E. 
Curtiss, H. C. 


Emmet, H. L. 
. Goetz, H. E. 
Guy, J 


Hobson, R. R. 
Torstkotte, E. H. 
Hunter, W. L. 
Img, E. O. 
Joyce, 3 BaD 35 
Kaemmerling, G. H. 
Kimber, H. A 
Kirkpatrick, F. M. 
Kreitler, F. C., Jr. 
Lindsay, G. L. 
Lower, N. M. 
MacKenzie, J. B. 

| MelIntyre, R. 

| Metealf, G. R., Jr. 
Metzner, M. W. 
Morey, A. H. 
Mosher, F. D. 

| Mueller, H. G. 

|. Nick, E. W. 
Obermanns, H. E. 
Pasick, J. M. 
Perkinson, fs Le 
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Petersen, O. A. 
Reed, M.S. 


Roach, J. H. 
Roberts, E. H. 
Root, F. V. 

Rouy, A. L. M. A. 
Rumsey, C. 8S. 

St. Lawrence, J. 
Scheidemantle, H. S. 
Scheidt, H. J. 
Schlieder, H. A. 
Schmock, ©. J. 
Schneider, F. B. 
Schrader, T. O., Jr. 
Selden, D. 

Shenk, R. H. 
Showler, A. J. 
Smalenberger, E. A., Jr. 
Smith, M. BE. 
Sprau, B. Ww. 
Strickler, H. K. 
Surdy, C. J 

Upson, R. 8S. 
Veenschoten, V. V. 
Wadsworth, J. F. 
Woodward, A. J. 
Zuck, M. A. 


ESSINGTON 
Philadelphia Section 


Darwin, D. P. 
Hutchinson, D. W. 
Rodgers, O. E. 


FARRELL 
Pittsburgh Section 
Bode, C. H. 


FINLEYVILLE 
Pittsburgh Section 
Angemeer, C. W. 


FRANKLIN 
Pittsburgh Section 


Aleorn, H. J. 
Brown, D. E. 
Cox, C. E. 
Henry, H. J. 
Jackson, A. A. 
Nash, R. L. 


FULLERTON 


Anthracite-Lehigh 
Valley Section 


Corl, J. G. 
GLEN MOORE 
Philadelphia Section 
Galt, J. G. 
GLENSIDE 
Philadelphia Section 
Goentner, W. B. 


GREEN RIDGE 
Philadelphia Section 
Rodgers, E. G. 


GREENSBURG 
Pittsburgh Section 


Booth, T. H. 
Ourran, H. M. 
Dauphinais, G. A. 
McManus, J. DeL. 
Wong, @ 


GREENVILLE 
Youngstown Section 
Webster, H. D. 


HAMBURG 


Anthracite-Lehigh 
Valley Section 


Burkey, I. R. 
Putt, J. W. 
Schumo, E. M. 


HANOVER 
Susquehanna Section 
Abendschein, E. J. 
HARRISBURG 
Susquehanna Section 


Eck, A. E. 
Harrison, J. L. 
Kohl, E. CO. 


Pearson, R. 
Whitaker, U. A. 


HATBORO 
Philadelphia Section 


Bowie, H. J. 

Brewer, N. 

Burke, J. B. 

Diament, W. A. 

Fischer, K. 

Hangey, T. G. 

Harris, H. C. 

Head, V. 
HAVERFORD 

Philadelphia Section 


Bray, C. W. 
Cahill, E. H. 
Hetzel, T. B. 
Holmes, C. W. 
Mills, F. C., Jr. 
HAZELTON 


Anthracite-Lehigh 
Valley Section 


Bell, C. W., Sr. 
Haentjens, O. 
Schillinger, C. 
HERSHEY 
Susquehanna Section 
Snavely, A. B. 


HOLLIDAYSBURG 


Central Pennsylvania 
Section 


Kiesel, W. F., Jr. 


HOMESTEAD 
Pittsburgh Section 
Schuette, R. W. 


HONESDALE 


Anthracite-Lehigh 
Valley Section 


Demer, L. J. 
HUNTINGTON 
VALLEY 
Philadelphia Section 

O’Neill, W. C., III 
Stokes, J. S., Jr. 
INDIANTOWN GAP 


Susquehanna Section 


Cullen, W. J. 
Johnson, D. S. 


ITHAN 
Philadelphia Section 
Atterbury, G. R. 


JEANNETTE 
Pittsburgh Section 
Barbour, D. L. 


Bencze; S. 
Campana, J. A. 
Carter, W. W. 
Davis, H. 


Dennison, E, S. 
Dunmire, C. W. 
Edris, C. J. 
Evans, C. T., Jr. 
Evans, P., Jr. 
Flinn, W. S. 
Graff, T. W. 
Harms, C. F. 
Hennig, F. O. 
Hohenstein, F. C. 
Hone, H. J. 
Jameson, A. S. 


Livingston, ‘Bs BE: 
Mattern, J. F. 
McClure, A. W. 
Moody, A. M. G. 
Multhaup, R. H. 
Peterson, H. 
Piasecki, R. F. 
Raye, A. H. 
Riester, R. A. 
Schwarz, H. 
Shipley, G. B. 
Smith, R. B. 
Steen-Johnsen, H. 
Tobin, R 
Vawter, W. D. 
Vazsonyi, A. 
Wilson, W. A. 


JENKINTOWN 
Philadelphia Section 


Harper, W. C., Jr. 
Renn, W. J., Jr. 
Wolff, J. F., Jr. 


JOHNSTOWN 
Pittsburgh Section 


Bennett, W. H. 
Hunter, L. N. 
McCleary, R. E. 
Statler, C. W. 
Veil, J. W. 
Yingling, J. E. 
Zerby, R. J. 


KIMBERTON 
Philadelphia Section 
Dodge, O. 


KINGSTON 


Anthracite-Lehigh 
Valley Section 


Piatt, O. R. 
Rogers, B. F. 
Tallgren, W. 


KINTNERSVILLE 
Phiadelphia Section 
Frank, W. E. 


KIRKLYN 
Philadelphia Section 
DeSipin, T. J. 


KITTANNING 
Pittsburgh Section 
Shoffner, J. M. 


LANCASTER 
Susquehanna Section 


Appel, W. J. 
Brown, F. A. J. 
Deegan, J. W. 
De Foreest, E. T. 
Dryer, E. L. 
Frost, D. C. 
Griffith, S. R. 
Gundrum, J. H. 
Handel, R. R. 
Homsher, R. L. 
Jackson, H. W. 
Jones, A. 
Kelley, J. E. 
Knapp, W. 
Latimer, R. A. 
Lazarus, R. A. 
Leng, R. B. 
Long, D. R. 
Louden, J. K. 
McDivitt, E. T. 
Mentzer, R. B. 
Moen, R. H. 
Noyes, W. 
Patterson, A. R. 
Reese, E. O., III 
Robinson, H. A. 
Roth, H. 

Rush, J. E. 
Strayer, R. K. 
Von Till, L. A. 
Warfel, J. R. 
Weingarten, M. R. 
Wickersham, J. H. 


LANGELOTH 
Pittsburgh Section 
Noy, J. M. 


LANSDALE 
Philadelphia Section 


Clarke, P. ©. 
King, A. T. 
Moll, H. D. 


LANSDOWNE 
Philadelphia Section 


Gans, J. W. 
Harris, LeR. 8S. 
Klintman, P. CO. 
Koerwer, R. J. 
Koethe, W. E. 
Palladino, N. J. 
Powers, W. J. 
Ryan, 

Sabol, A. 


LANSFORD 


Anthracite-Lehigh 
Valley Section 


Lovell, G. H., Jr. 
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LATROBE 
Pittsburgh Section 


Anderson, A, A. 
Gill, J. P. 
McKenna, P.M. 
Smith, G. P. 
Weber, T. R. 


LEBANON 
Susquehanna Section 


Breen, E. M. 

Repino, P. A. 
Tapparo, J. A. 
Wilson, W. F. 


LESTER 
Philadelphia Section 


(See also Philadelphia 
and South Phila- 
delphia) 


Allen, J. M. 
Berry, W. R. 
Brandon, D. M. 
Conrad, J. D. 
Cook, C. 

Flagle, C. D. 
Gilbert, E. 
Gove, N. D. 
Grassi, R. N. 
Hague, F. T. 
Hamm, J. R. 
Hart, D. A. 
Harvey, C. R. 
Harvey, M. E. 
Hildestad, H. L. 
Hoffman, D. 
Knapp, C. A. 
Koetting, J. L. 
Markell, J., Jr. 
Morgan, H. T. 
Olson, P. G., Jr. 
Pauly, B. H. 
Ponomareff, A. I. 
Redding, A. H. 
Reynolds, R. L 
Sinton, W. 


Van Valkenburg, J. F. 

Vogel, L. B. 

Walsh, E.:P. 

Weiler, R. E. 

Wells, R. L. 
LEWISBURG 


Central Pennsylvania 
Section 


Burpee, F. E. 
Donehower, R. W. 
Fryling, G. R. 
Garman, W. DeW. 
Kelly, 8. J. 
Kunkel, G. M. 
Reed, J. O. 


LEWISTOWN 


Central Pennsylvania 
Section 


Cushman, J. A., Jr. 
Gooden, M. P. 


LINCOLN PARK 


Anthracite-Lehigh 
Valley Section 


Wheelock, B. R., Jr. 


LOCK HAVEN 
Philadelphia Section 


Hulsizer, R. L. 
Worcester, W. S. 


MANHEIM 
Susquehanna Section 
Horvath, G. E. 


MANOA 
Philadelphia Section 
Pearson, W. H. 


MARCUS HOOK 
Philadelphia Section 


Griscom, E. W. 
Knoll, H. J. 
MacHenry, R. 


McKEESPORT 


Pittsburgh Section 


Cornell, H. L. 
Judkins, M. F. 
Weaver, E. L., Jr. 


PENNSYLVANIA 


MEADVILLE 
Erie Section 


Bauer, E. K. = 

Freund, H. E. 

Gilmore, OC. G. 

Kreamer, W. H. 

Maahs, OC. E. 

Robinson, W. M. 

Warren, E. M. 
MECHANICSBURG 
Susquehanna Section 


Lowther, J. G. 


MEDIA 
Philadelphia Section 


Evans, D. F, 
McMahon, J. P., Jr. 
Trumpler, W. E., Jr. 


MELROSE PARK 
Philadelphia Section 
Braun, R. L. 


MERION 
Philadelphia Section 
Frick, S. W. 
Webre, A. L. 

Wiggins, W. D., Jr. 
MIDDLETOWN 
Susquehanna Section 
Herr, J. G. 

Keep, H. 

Locke, R. A. 
MIDLAND 
Pittsburgh Section 

Sar Vant, W. N. 


MILFORD 


Anthracite-Lehigh 
Valley Section 


Buchan, L. P. 


MILLBOURNE 
Philadelphia Section 
Barish, N. N. 


MILL HALL 


Central Pennsylvania 
Section 


Wanner, R. 


MILMONT PARK 
Philadelphia Section 
Koenig, C. F., III 


MILTON 


Central Pennsylvania 
Section 


Fisher, S. S. 
Glasgow, W. H. 
Hindman, W. P. 
Nonemaker, F., Jr. 
MINERSVILLE 


Anthracite-Lehigh 
Valley Section 


Williams, L. K. 


MIQUON 
Philadelphia Section 
Grauel, J. L. 


MONACA 
Pittsburgh Section 
Sellers, A. A. 


MONESSEN 
Pittsburgh Section 
Stockus, R. L. 


MORTON 
Philadelphia Section 
Ackerman, R. A. 


MOSCOW 


Anthracite-Lehigh 
Valley Section 


Brooks, C. W. 


PENNSYLVANIA 


MOYLAN 
Philadelphia Section 
Riddle, K. W. 


MUNCY 


Central Pennsylvania 
Section 


Messer, E. W. 


MUNHALL 
Pittsburgh Section 


Bennett, W. O. M. 
McKean, R. K. 
Savko, J. 


NARBERTH 
Philadelphia Section 


Blum, W. W. 
Kuylenstjerna, A. L. 
LaFore, J 
Lambert, F. M. 


NAZARETH 


Anthracite-Lehigh 
Valley Section 


Miller, J. A. 
Norvig, J. 
Ursprung, H. 


NEW CASTLE 
Pittsburgh Section 


NEW CUMBERLAND 
Susquehanna Section 
Miller, A. J., II 


NEW KENSINGTON 
Pittsburgh Section 


Alexander, J. B. 
Feil, G. W., Jr. 
Howarth, E. S. 
Kort, E. G. 
Lathrop, E. S. 
Marshall, P. W. 
Meyer, L. W. 
Piper, F. F., Jr. 
Rearick, W. S. 
Rieke, V. W. 
Templin, R. L. 
Wareham, J. K. 
Zamboky, A. N. 


NEWTOWN 


Birmann, R. 


NICETOWN 
Philadelphia Section 
Fine, B. M. 


NORRISTOWN 
Philadelphia Section 


Adams, R. P. 
Brownback, H. L. 
Hannold, J . 
Muller, G. J. 
Simons, R. M. 


NORTH HILLS 
Philadelphia Section 
Burns, A. E. 


OAKMONT 
Pittsburgh Section 


Cecil, R. E. 
Dunham, B. W. 
Johnson, O. E. 
Manifold, G. O. 
Scaife, J. V., Jr. 
Weinthal, S. E. 


OIL CITY 
Erie Section 


Daugherty, S. B. 
Dreher, R. H. 
Fortmann, E. H. 
Gnade, E. R. 
Keim, O. J. 
Knapp, 8S. A., Jr. 
Maier, A. R. 
Quayle, A. 
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OXFORD 
Philadelphia Section 


Dickey, T. A. 
Ware, J. H., Til 


PALMERTON 


Anthracite-Lehigh 
Valley Seetion 


Enterline, S. M. 
Gotherman, 0. W. 


Martin, R. A. 
McMackin, O. A. 
Olson, F. A. 
Peters, F. O. 
Trewin, O. 8. 


PASCHALL 
Philadelphia Section 
Whisler, F. D. 


PENARGYL 
Philadelphia Section 
McKenzie, D. H. 


PHILADELPHIA 
Philadelphia Section 


(See also Lester and 
South Philadelphia) 


Allwein, A. F. 
Alpern, M. 
Alteneder, T. 
Althouse, E. 
Andersen, A. 
Andersen, E, 
Andersen, J. 
Anderson, R. 
Andriola, A. 
Andromidas, 
Anthony, J. T. 
Armstrong, E. R. 
Arnow, S 

Ashby, W. B. 
Astley, W. O. 
Avery, J. R. 

Baas, P. B. R., Jr. 
Bachman, J. L. 
Bacon, H. E. 
Badenhausen, J. P. 
Bailey, W. J. 
Baillie, R. R. 
Bainbridge, H. 
Bainbridge, T. W. 
Baird, C. A. 
Baker, H. R., Jr. 
Baker, J. B. 

Ball, F. S. 
Baltzly, C. ©. 
Bancroft, W. 
Bangs, J. R., Jr. 
Barba, ©. E. 
Barber, K. B. 
Bark, M. E. 
Barker, R. H. 
Barnard, J. A. 
Barnes, G. M. 
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Bassett, R. M. 
Batt, W. L. 
Battey, W. A. 
Bayles, A. L. 
Beane, J. R. L., Jr. 
Belcher, W. E., Jr. 
Bender, E. W., Jr. 
Bennett, J. S., 3rd 
Bennon, M. 
Benson, OC. N. 
Benton, L. A. 
Bentson, H. J. 
Berdan, F., Jr. 
Bergner, FE. A., 8rd 
Berman, B. P. 
Bernstein, H. J. 
Berry, E., H., Jr. 
Betz, L. D. 
ap a H. 
Bird, 

Black, Ya. &., 8rd 
Blakeman, s. Pp. 
Blatchley, oO. a. 
Blum, §S. 
Bodenschatz, A. 
Bohjelian, A. G. 
Bolton, B. F. 
Bonine, ©. E. 
Bonner, H. H, 
Bookout, E. J. 
Borden, M. M. 


Borton, G. W. 
Bosler, L. O. 
Botta, A. F. 
Bourgarde, L. F. 
Bowes, E. H. 


Boyajian, R. D. 
Boyer, E. G., Jr. 
Boyer, V. 8S. 
Boyle, J. E. 
Bracegirdle, J., Jr. 
Brackett, N. 
Brackin, R. F. 
Bradbury, D. 
Bradley, J. J. 
Brendlinger, W. B. 
Brick, G. S. 

Brill, H. A. 
Brinley, O. E. 
Bristol, E. S. 
Brodin, E. 0. 
Broudo, S 

Browe, E. L. 
Brown, A. K, 
Brown, R. P. 
Browne, A. T. 
Browne, E, V. 
Brunkhardt, F. W. 
Brusca, L. J. 
Bryans, H. B. 
Bryans, H. T. 
Budd, E. G. 
Buerer, W. W. 
Buntin, R. W. 
Burckhalter, F. 0. 
Burmistroff, J. G. 
Burton, R. 0. 
Bush, H. W. 
Bush, R. R. 
Busler, K. M. 
Bye, N. ©. 
Cadwallader, H., Jr. 
Cafiero, D. F. 
Cain, J. N. 
Campbell, C. B. 
Campbell, D. M. 
Campbell, R. J. 
Carliss, O. S. 
Carlson, J. R. 
Casey, R. J. 
Cassel, H. H. 
Cassola, O. A. 
Oatlin, H. M. 
Cavanaugh, J. P. 
Cernea, R. E. 
Chaplin, F. 8S. 
Chase, P. H. 
Chiavetta, V. V. 
Childs, J. N. 
Cirrito, A. J. 
Clark, E. O. 
Clark, T. F. 
Clarke, O. W. E. 
Clyman, H. J. 
Coe, F. O. 

Cole, C. S. 
Coles, W. F., Jr. 
Conner, J. L. 
Conner, K. B. 
Connors, R. T. 
Cook, G., Jr. 
Cooke, M. L. 
Corl, H. E. 
Cowell, A. T. 
Cox, J. L. 
OCrewdson, H. 
Criswell, J. ©., Jr. 
Crofoot, G. E. 
Cross, M. A. 
Crowell, Miss L. 
Cummings, W. J. K. 
Cushing, T. E. 
Dadley, J. W. 
Daley, J. A., Jr. 
Daniels, E. R. 
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Darmody, W. J. 
Daugherty, E. S. 
Daugherty, F. 
Davidson, W. H. 
Davis, F. R. 
Davis, S. H. 
Dawson, L. N. 
Decker, H. L. 
DeHuff, H. 

Dell, William H. 
Dellplain, M 
DeLong, A. F. 
de pone Ww. J. 
Derby, R. E 
Deutsch, J. T. 
Diamond, A. R. 
Digan, qT. J., Jr. 
Dimmick, H. S. 
Disston, W. D. 
Divan, L. S. 
Dixon, O. F. 
Dockstader, E. K. 
Dodge, K 
Dodge, R. M. 
Doering, J. 
Dowell, D. 
Doyle, E. D. 


Doyle, W. J. 
Dykes, J. R. 
Dzurka, J. J. 
Ebenbach, R. 
Eckman, D. P. 
Edge, M. P. 
Edge, W. O. 
Edwards, J. A., Jr. 
Ehlers, H. E. 
Eigenbrot, J. L. 
Eklund, T. I. 
Eksergian, R. 
Elliott, O. M. 
Elsey, W. R. 
Eni, L. J. 
Estrada, H. 
Etchen, H. G. 
Exler, D. O. 
Fairbanks, O. M. 
Falvey, J. A. 
Farley, J. J. 
Fassbender, W. J. 
Feldman, N. R. 
Fernstrom, F. S. 
Filippone, F. 8. 
Finkel, J. B. 
Fisch, A., Jr. 
Fischer, F. K. 
Fischer, U. W. 
Fisher, G. K. 
Fitzgerald, J. M. 
Flickinger, J. H. 
Fogg, W. R. 
Foley, W. S. 
Forrest, H. D. 
Fraher, B. J. 
Frame, J. S., Jr. 
Franck, CO. C. 
Franks, E. H. 
Fransema, J. A. 
Frey, C. A. 
Frohmuth, R. L, 
Fry, A. 

Fry, A. H. 

Krys, Hoe, 
Fuchs, E. A. 
Fuller, W. D. 
Fulton, G. 
Fulweiler, W. H. 
Funk, N. E. 
Gallagher, E. I. 
Galloway, C. D. 
Gammell, J. 
Garity, W. E. 
Gavit, W. P. 
Geertz, A. O. 
Gerdes, H. A. 
Gerstmyer, R. G. 
Gess, L. 

Gethen, G. S. 
Gill, O. A. 
Gladeck, F. O. 
Glasby, J. B. 
Glenn, E. R. 
Glinske, E. J., Jr. 
Glueck, F, J. 
Godfrey, R. 
Goedecke, M. 
Goehring, W. W. 
Goff, J. A. 
Goldsmith, L. M. 
Goodale, F. 


Grandinetti, J. R. 
Gratch, § 
Gravitz, E. 
Green, L. S., Jr. 
Groothuis, H. 
Gross, S. 
Guenzel, R. A. 
Gulick, L. N. 
Gysling, M. H. 
Hall, A. E. 

Hall, P. P.-G. 
Haller, K. R. 
Hamill, J. R. 
Hammershaimb, Ce ay ts 
Hammond, 
Hanger, s. BE 
Hansen, V. 

Hare, W. E. 
Harlow, J. H. 
Harman, W. H., Sr. 
Harris, H. S. 
Harris, J. E., Jr. 
Harris, R. J. 
Hartman, W. W., Jr. 
Harwick, H. K 
Haug, J. R. 
Haug, J. S. 
Havens, K. B. 
Hehemann, R. F. 
Heilig, C. E., Jr. 
Helvig, W. J. 
Hemenway, S. H. 
Hendrix, H. W. 
Henwood, J. B. 
Hepke, W. O. 
Herb, J. H. 
Herr, W. A. 

Hess, F. O. 
Hess, J. R. 


224 


Hewitt, A. R. 
Hickman, Cc. D. 
Higgins, E. M. 
Hill, 0. S., Jr. 
Hires, J. BR. 
Hobbs, W. 8S. 
Hoell, G. S. 
Hoffman, W. M. 
Hogg, J. W. 
Holden, F. R. 
Holmes, R. B. 
Holton, P. H. 
Hooker, H. W. 
Hoopes, P. R. 
Hopkins, J. R. 
Hopper, T. W. 
Hopping, E. LeR. 
Hornberger, F. O. 
Housley, T. P. 
Howarth, H. A. S. 


Hunting, R. w. 
Huttinger, W. R. 
Hyde, E. M. 
Irmer, CO. B. 
Irwin, K. McH. 
Irwin, P. L. 
Irwin, R. D. 
Jackson, A. C. 
Jacoby, N. P. 
Jamison, O. O., III 
Jansson, O. E. 
Jensen, J. A. 
Johler, R. A. 
Johnson, D. OC. 
Johnson, R. P. 
Jones, 0. O. 
Jones, E. L. 
Joos, O. E. 

Jud, J. J. 
Juram, A. E. 
Katz, N. J. 
Keating, D. J., Jr. 
Keech, G. B. 
Keene, B. F. 
Kellem, J. O. 
Keller, H. G. 
Keller, H. H. 
Keller, W. McK. 
Kenney, L. H. 
Kent, L. R. 
Kerr, S. L. 
Kerrick, J. H. 
Kessler, H. H. 
Kinderman, W. J. 


Kocyan, G. H., Jr. 
Kop, P. E. 
Koplin, R. D. 


- Kothny, G. L. 


Kramer, K. S. 
Krauss, H. E., Jr. 
Kroon, R. P. 
Kulick, S. 
Kuljian, H. A. 
Kuntny, G. W. 
Kyle, J. J. 
Lakey, A. B. 
Lamb, D. B. 
Landis, C. W. 
Lang, H. J. 
Lang, W. A. 
Latshaw, E. 
Lawrence, H. F. 
Lee, R. J. 
Lemmon, J. R. 
Lepley, R. D. 
Levin, B. S. 
Levinson, H. J. 
Levitt, S. 

Levy, L. F. 
Light, J. A. 
Lilly, O. A., Jr. 
Linch, E. P. 
Linton, W. R. 
Lippenholz, J. S. 
Liversidge, H. P. 
Locke, D. H. 
Longenecker, O. 
Lorenz, G. J. 
Lorenz, J. G., Jr. 
Lovekin, R. E. 
Lowenstein, S. 
Lucke, F. 0. 
Luehrs, D. M. 
Lyon, P. S. 
Machold, OC. E. 
Mackenzie, S. T. 
MacNair, D. J. 
MacNamee, W. R. 
Major, W. S. 
Mallon, O. J. 
Malone, J. L. 
Mangler, W. E. 
Manning, T. J., Jr. 


Manning, W. T. 
Manz, L. O. 
Markey, H. I. 
Marthens, R. S. 
Mattingly, R. D. 
Mattis, R. J. 
Maximon, L. B. 
Maxwell, G. L. 
McBride, T. C. 
McCants, R. P. 
McCarthy, J. J. 


McCormick, H. B., Jr. 


McDowell, O. H. 
McIlvaine, J. H. 
McIntyre, D. F. 
McKaig, A. W. 
McKendrick, L. 
McMahon, T. E. 
McMeekin, B. M. 
McNeal, D. R. 
MeNickle, R. CO. 
Mears, E. W. 
Medlar, L, A. 
Meenen, R. J. A. 
Melas, W. 
Messaros, F. O, 
Midgette, ze L. 
E. 


Morgan, D. W. R. 
Morrison, T. J. 
Moyer, 8, 

Mudd, J. P. 
Munro, R. W. 
Murphy, W. B. 
Murr, OC. H. 
Muschamp, G. M. 
Mylting, L. E, 
Napier, E. T. 
Needs, S. J. 
Neiva, R. V. 
Nestler, D. E. 
Nevells, I. L. 
New, W. R. 
Newton, G. H. 
Newton, J. S. 
Nibecker, K 
Nicholson, E. K. 
Nielsen, S. G. 
Noor, R. A. 
Nusbaum, L. 
Oberhuber, W. F. 
Obrant, L. J. 
O’Brien, F. L., Jr. 
Odenweller, H. F. 
Ogden, N. 

Ogle, E. Des F. 


Peirce, W. H. 
Peller, L 
Penrose, OC. 
Perry, T. D. 
Peters, J. C. 
Peterson, E. O. 
Peterson, J. D. 
Pettinos, G. F. 


Phillips, G. W. MacP. 


Pitman, R. W. 
Podolsky, J. P. 
Polak, I. P. 
Porro, R. M. 
Powell, OC. E. 
Powell, W., Jr. 
Pressey, R. W. 
Preston, H. E. 


Prohammer, F. G. 
Prostrednik, E. J. 
Ptacek, F. 

Pursel, H. R. 
Putz) fd; 

Quaid, J. A. 
Quast, W. F. 
Quick, G. C., Jr. 
Quick, R. S. 
Quinn, A. M. 
Quinn, J. J., Jr. 
Rabe, J. S. 
Ragsdale, E. J. W. 
Ralston, A. H. 
Ramsden, J. T. 
Ranck, ©. E. 
Randall, M. O. 
Rawson, A. J. 4 
payne Ss. ee Jr. 
Read, 

Reed, D: a 

Reed, H. W. 
Rehfuss, Ww. ©. 


Reidl, A. L. 
Reilly, C. T. 
Reinhardt, A. E. 
Reiniger, E. M. 
Repscha, A. H. 
Reynolds, H. F. 
Reynolds, S. D. 
picharieons iW. H; 
Riehl, H. 
icesiene, FB Ww. 
Rincliffe, R. G. 
Rizzo, J. F. 
Robbins, L. 
Robinson, H. I. ° 
Robinson, P. A. 
Robinson, W. V. 
Rodenbaugh, H. N. 
Rogers, F. H. 
Rohlin, V. A. 
Rohrer, J. H. 
Rollo, W. S. 
Roome, B. R., Jr. 
Roseman, T. 
Rosen, A. 
Rosenfeld, M. S. 
Rossetto, L. 
Roth, P. V. 
Rothenberg, Ga. S. 


a . om 
Sampter, H. O. 
Sanderson, V. L. 
Sauerwald, J. 
Sauter, W. V. 
Savarese, J. J. 
Savaro, V. G. 
Schade, A., IIT 
Schaefer, J. W. 
Schaum, 0. W. 
Schear, A. 
Schick, D. F., Jr. 
Schlack, B. 
Schofield, W. R. 
Schroder, OC. H. 
Schwarz, F. W. 
Schwendner, A. F. 
Scott, O. R., Jr. 
Scott, J. B 
Scutt, E. D. 
Seaholm, K. E. 
Sellers, C., III 


Shank, P. R. 
ere, J. G. 
Shea, T. M. 
Sheppard, W. L. 
Shermet, R. M. 
Sherron, J. 
Shoaf, R. G., Jr. 
Sibson, H. E. 
Simins, A. 
Simons, C. W. 
Simpson, H. A. 
Simpson, R. H. 
Singer, M. A 


Sorensen, K. T. 
Spellman, C. B. 
Spielman, J. R. 
Squires, R. 


Stein, I. M. 
Steinfeld, M. E. 
Steins, C. K. 
Stem, F. B. 
Stephenson, W. B. 
Stettler, R. H. 
Stevens, R. H., Jr. 
Stevens, W. J. 
Stevenson, G. 
Stratton, 0. B. 
Styri, H. 

Swartz, M. D. 
Sweigard, J. L. 
Sykes, O.-.S. 
Tafel, R. W. 
Tanner, H. OC. 
Tatge, R. J. 
Taylor, G. CO. 
Taylor, H. B. 
Taylor, J., Jr. 
Terwilliger, H. R. 
Theriault, R. J. 
Thoenebe, H. S. 
Thompson, A. 8S. 


Thompson, ©. S., Jr. 


Thorson, A. W 
Thress, J. M 
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Thumim, C. 
Ticotsky, M. E. 
Tiesler, J. 
Timmis, P. 
Torrey, D. F. 
Triolo, J. F. 
Trout, C. L. 
Trumpler, A. L. 
Tse, F.-S. 
Tucker, D. A. 
Unger, L. F. 
Vanaman, F. H. 
Van Osten, P. G. 


Van Valkenburgh, R. M. 


Varani, U 

Viti, J. 

Vogdes, R. T., Jr. 
Voigt, L. E. 
Vondersmith, BE. L. 
Vose, R. S 
Wagner, H. D. 
Wagner, S. T. 
Walden, R. R. 


Washburn, F. E. 
Watson, H. F. 
Weaver, W. H. 
Webb, B. W. 
Weber, W. R. 
Weinberg, P. H. 
Weir, Ss. B. 


West, wu E., Jr. 
West, W. W. 
Westermaier, Boos 
Westin, L. J. 
Wheeler, A. H. 
White, J. J., Jr. 
White, K. K., Jr. 
Wichum, V. 
Wilhelm, W. F., Jr. 
Wilkins, C. N 
Willemin, R. B. 
Williams, W. A. 
Willis, B. O., Jr. 
Willson, E. L. 
Wilson, A., III 
Wilson, B. J 
Wilson, H. M. 
Witmer, F. P., Jr. 
Wobensmith, Z. uWrra al 
Wollin, E. 

Wood, A. O, 
Woodroffe, G. H. 
Wool, W. L., Jr 
Worley, R. W. 
Yarnall, D. R. 
Young, OC. D. 
Young, O. F. 
Young, OC. M., Jr. 
Zachow, W. O. 
Zane, W. 

Zeiner, E. F. 


PHOENIXVILLE 
Philadelphia Section 


Burke, R. F. 
Mervine, W. G. 


PITCAIRN 
Pittsburgh Section 
Moon, H. A. 


PITTSBURGH 
Pittsburgh Section 


Adams, O. P. 
Aikins, J. R. 
Allen, L. R., Jr. 
Ambrose, R. B. 
Andrews, R. W., Jr. 
Archer, A. A. 
Arnold, E. E. 
Augustine, A. 
Bankson, E. E 
Barron, J. I. 


Bennett, ©. W. 
Biggert, ee OF, Ir: 
Blenko, W. J. 
Bodwell, H. L. 
Bombick, EeN 
Boring, K. L. 
Brennan, J. I. 
Breslove, J. 
Breslove, J., Jr. 
Brosius, E. E 
Bucher, G. H. 
Burlingame, C. R. 
Bushman, W. 


Butcher, A. 
Cable, H. E. 
Camby, J. J. 
Canan, W. D. 
Chester, J. N. 
Clark, R. W. 
Cleeves, W. D. 
Clement, R. T. 
Clinedinst, W. O. 
Coleman, H. S. 
Collins, W. I. 


Conlon, W. T. 
Connell, J. T. 
Cook, L 
Covey, K. § 
Cowan, A. V. 
Craig, J. S 
Oroll, R. H. 


Dashiell, J. W., Jr. 
Davidson, Din: 
Davis, J. D. 
Dearasaugh, J. PB. 
Deily, A. T. 
Denig, F. 

Dent, J. A. 
Dexter, H. W., Jr. 
Diescher, S. E. 
Dignan, G. E. 
Dillon, S. 

Dodds, R. P. 
Doherty, R. E. 
Donaldson, R. R. 
Drescher, R. B. 
Dreyfus, E. D. 
Dunsford, J. R. 


Findlater, S. 
Fitch, W. K. 
Flaherty, R. 
Flanagan, W. N. 
Foote, F. D. 


Fox, J. H 
Fox, 0. M 
Frick, R. J 
Frocht, M. M. 
Frohrieb, Ea; 
Fulton, H. R. 


Gangwere, E. D. 
Gardner, K. C. 
Geist, J. W. 
Gennetti, W. T. 


Heilman, R. aay 
Henderson, H. 
Herr, B. M. 
Hiles, E. K. 
Hillenbrand, C. W. 


Hook, CO. H. 
Hopwood, J. M. 
Hovey, 0. W. 
Howarth, W. 0. 
Huff, G. F. 
Hunter, J. A., Jr. 
Hustead, T. E. 
Hutchins, W. E. 
Jacobson, E. W. 
Jeheber, R. A. 
Jolly, T. D. 
Kaiser, E. R. 
Karpov, A. V. 
Kaveny, T., Jr. 
Keely, H. ibe 
Keller, J. D. 
Kelly, H. J. 
Kennedy, W. S. 
Kerr, A. J. 
King, J. E. 
Klein, H. G. 
Koffmann, E. 
Kopetz, G. E. 
Kovach, A. J. 
Kromer, W. F. 
Lail, G. G., Jr. 
Lambie, A. L, 
Larsen, G. 8. 


Lassman, B. 
Leebov, N. 
Lincoln, R. B. 
Linderman, H. O. 
Littler, C. W. 
Magill, F. R. 
Mann, H. B. 
Marks, M. J. 
Markson, A. A, 
Marley, G. E. 
Matheson, E. E. 
Mavis, F. T. 
Maynard, H. B. 
McAleer, W. K. 
McCabe, W. L. 
McOlintock, F. S. 
McConnell, M. F. 
McConnell, M. R. 
McConnell, W. M. 
McCormack, F, P. 
McOully, H. McK. 
McFadden, B. O. 
McKee, W. S. 
McKenna, R. O. 
McMahon, J. B. 
McMillen, IAS 
McQuiston, W. B. 
Meyer, E. B. 
Mielke, C. E. 
Miller, N. R. 
Miller, R. A. 
Miller, W. A. 
Miller, W. G. 
Moffett, H. C. 
Molvie, W. A. 
Moore, W. E. 
Mullen, R. M. 
Mulligan, P. B. 
Mumma, M. C 
Munson, J. G. 
Neal, R. A. 
Newbury, F. D. 
Newton, R. G. 
Norris, E. R. 
Norville, R. G. 
Nutting, W. H. 
O’Brien, G. W. 
QOesterle, P. D. 
Olsen, L. 


Patrick, M. as 
Patten, O. A. 
Peebles, T. A. 
Peterson, G. S. 
Pietsch, H. A. 
Pigott, R. J. S. 
Plagwit, E. 
Poritz, J. L. 
Powell, M. A. 
Price, a Ww. 
Price, W. L. 
Prowell, R. W. 
Punton, O. W. 
Purcell, T. E. 
Raisig, CO. L. 
Rall, C. O. 
Reed, V., A.;. J¥. 


Richard, Jo A. 
Richardz, F. 
Ried, R. C. 
Rimbach, R. 
Rittman, W. F. 
Rockwell, T. F. 
Rockwell, W. F. 


Rush, R. M. 

Rust, S. M., Jr. 
Ryan, J. T., Jr. 
Salkeld, A.B. 
Saylor, D. C. 
Serge ae L. N. 
Schindler, D. B. 
Schmidt, J. H. 
Schoenfeld, E., Jr. 
Schreiber, . Ww. 
Schultz, J 
Schwerin, o H. 
Schwerin, F. H. 
Sewell, J. G. C. 
Seybold, R. 
Shafer, A. H. 
Shaffer, W. R. 
Sherman, P. F. 
Sidney, W. E 
Smith, E. D. 
Smith, G. W. 
Smith, J. H. 
Smith, M. W. 
Stacy, L. E. 
Stamets, W. K., Jr. 
peer, R. W. 
Stone, M. 
Strandhagen, A. G. 
Stratmoen, A. N. 
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Streamer, A. O. 
Stucki, A. 
Stuebing, A. F. 
Tallman, W. S. 
Tanner, J. R. 
Tatersall, L. 
Taylor, J. G. 
Taylor, W. S. 
Teichmann, H. F. 
Tepel, R. W. 
Thompson, A. L. 
Timmons, J. J 
‘Tindal, L. V. 
Tindall, E. L. 
Tishlarich, O. M. 
Todd, J. P. 
Trinks, W. 
Tyler, OC. M., Jr. 
Ulrich, R 
Ustabashieff, J. A. 
Van Dongen, D. 
Wahrenburg, L. E. F. 
Walker, G. S. 
Wallace, R. A. 
Walton, J. S. 
Weber, R. J. 
Wedner, B. M. 
Weir, D. MacD., Jr. 
Wescott, B. B. 
Whetzel, J. CO. 
Wikander, O. R. 
Willey, C. McA. 
Wills, J. G., Jr. 
Wilson, C., Jr. 
Winkler, M. H. 
Wood, H. H. 
Zattler, G. W. 


PITTSTON 


Anthracite-Lehigh 
Valley Section 


Berninger, R. D. 
Jackson, J. P. 


POTTSTOWN 
Philadelphia Section 


Fisher, H. N. 

Jones, D. T. 
Kenworthy, J. M., Jr. 
Liebl, L., Jr. 
Loughran, J. J. 
Smalis, I. A. 

Sonn, F. W. 


POTTSVILLE 


Anthracite-Lehigh 
Valley Section 


Hagerty, W. W. 
Smith, J. D. 


PRIMOS 
Philadelphia Section 


Johnson, R. C. 
Tyrrell, O. C. 


PROSPECT PARK 
Philadelphia Section 


Arvidson, D. N. 
Foresman, R. A. 
Morris, W. C. 
Wisniewski, E. J. 


PULASKI 
Pittsburgh Section 
Bridwell, S. L. 


QUAKERTOWN 
Philadelphia Section 


King, E. R. 
Smith, J. L. 


READING 


Anthracite-Lehigh 
Valley Section 


Boas, R. H. 
Cliff, R. H., Jr. 
Curley, C. C., Jr. 
Fries, G. S. 
Gadzuk, J. 
Gangewere, E. P. 


Hinkle, J. 0. 
Ischinger, A. E, 
Kreisinger, R. H. 
Lelgemann, W. 
Mullen, T. Y. 
Portz, K. L. 
Rahm, R. C. 
Riedel, O. W., Jr. 
Ross, H. J. M. 
Schweikart, H. O. 
Sperry, S. M. 
Vetlesen, H. J. 
Williams, J. H. 


PENNSYLVANIA 


REEDSVILLE 


Central Pennsylvania 
Section 


Kyle, J. H. 


REYNOLDS 
Pittsburgh Section 
McGirr, R. 


RIDGWAY 


Central Pennsylvania 
Section 


Kohlhepp, D. H. 


RIDLEY PARK 
Philadelphia Section 
Clark, W. T. 


ROARING SPRING 


Central Pennsylvania 
Section 


Isenberg, P. F. 


ROCHESTER 
Pittsburgh Section 
Jones, H. L. 


ROSEMONT 
Philadelphia Section 
Wetherill, F. V. 


ST, MARY’S 


Central Pennsylvania 
Section 


Ellison, H. S. 


SCRANTON 


Anthracite-Lehigh 
Valley Section 


Clemens, A. B. 

Gubitose, N. F. 

Hubbell, O. W. 

Koper, F. G. 

Laudig, J. B. 

Lesser, W. H. 

Lesser, W. H., Jr. 

McKnight, O. H. 

Richards, W. N. 

Roberts, E. E. 

Schulz, D. D. 

Smith, E. E. 

Snyder, CO. O. 
SELLERSVILLE 

Philadelphia Section 


LeVan, A. E. 


SEWARD 
Pittsburgh Section 
McClelland, D. S. 


SEWICKLEY 
Pittsburgh Section 
Cooper, H. C. 
Thornton, J. M. 
SHARON 
Youngstown Section 


Jennings, L. D. 
Schneider, R. G. 
Schwartz, W. J. 
Shanor, E. E. 

Torley, J. F. 
SHARON HILL 
Philadelphia Section 

Kousz, J. J. 
Meyers, D. N. 
SHILLINGTON 


Anthracite-Lehigh 
Valley Section 


Rink, G. W. 


SKYTOP 


Anthracite-Lehigh 
Valley Section 


Grady, 0. B. 


SOUTHAMPTON 
Philadelphia Section 
Anderson, G. W. 


PENNSYLVANIA 


SOUTH PHILA- 
DELPHIA 


Philadelphia Section 


Cohen, L. 

Gooch, F. P. 
Meyer, O. A. 
Pierpoline, M. F. 


SPRINGFIELD 
Philadelphia Section 
Krewson, W. L. 


STATE COLLEGE 


Central Pennsylvania 
Section 


Allen, C. L. 
Ambrosius, E. E. 
Brossman, M. W., Jr. 
areal Cc. E. 
Cobb, J. S., Jr. 
Cohn, G. 
DeJuhasz, K. J. 
Di Ilio, C. OC. 
Doolittle, J. S. 
Everett, H. A. 
Garcia, B. H., Jr. 
Gildea, D. J. 
Hammond, H. P. 
Hechler, F. G. 
Hummel, J. O. P. 
Lewis, W. D. 
Low, J. R., Jr. 
Marin, J. 
Olowinski, E. J. 
Oren, J. W., III 
Peery, D. J. 
Renner, E. J. 
Robertson, J. M. 
Schweitzer, P. H. 
Sigworth, Reve 
Thompson, Ww. G. Cc. 
Vandegrift, C. G. 
Vierck, R. K. 
Zerban, A. H. 


STEELTON 
Susquehanna Section 


Andrews, R. C. 
Frantz, V. A. 


STOWE 
Philadelphia Section 
Stouffer, O. S. 
SWARTHMORE 
Philadelphia Section 


Churchill, A. J. 
Hanzlik, H. J. 
Harter, R. J. 
Lovejoy, S. W., Jr. 
Moore, M. B. 
Mustin, G. B., Jr. 
Rath, R. E. 
Stephens, J. O. 
Vicker, G. B. 
Walker, R. B. 


SWISSVALE 
Pittsburgh Section 


Bone, H. L. 
Thiessen, L. 
Woods, R. A. 


TARENTUM 
Pittsburgh Section 
Shoemaker, N. E. 


TEMPLE 


Anthracite-Lehigh 
Valley Section 


Shade, W. R. 


TIDIOUTE 
Erie Section 
Rogers, R. W. 


TOWANDA 


Anthracite-Lehigh 
Valley Section 


Laux, J. P. 


TURTLE CREEK 
Pittsburgh Section 
Frederick, R. W. « 


UNIONTOWN 
Pittsburgh Section 


Davis, R. W. 
Werft, A. R. 


_AS.M.E. MEMBERS—GEOGRAPHICAL LIST 


UPPER DARBY 
Philadelphia Section 


Bansbach, H. L. 
Bystrom, J. H. 
Campbell, A. B. 
Peskin, L. C. 


VERONA 
Pittsburgh Section 
Sher, D. W. 


VILLANOVA 
Philadelphia Section 


Auth, G. H. 
Klekotka, J. A. 
Morehouse, J. S. 


WALLINGFORD 
Philadelphia Section 
Smith, M. H. 


WALLINGFORD 
HILLS 
Philadelphia Section 

McConaghy, W. B. 


WARREN 
Erie Section 


Emhardt, F. W. 
Johnson, L. H. 
Plummer, F. L. 


WASHINGTON 
Pittsburgh Section 
Buck, N. L. 


WAYNE 
Philadelphia Section 


Browne, F. A. 
Copony, A. 
Drobile, A. W. 
Gray, J. W. 
Iddles, G. 
Kubacki, W. 


WAYNESBORO 


Central Pennsylvania 
Section 


Landis, M. H. 
Martin, L. H. 
Newman, S. F. 


WEST CHESTER 
Philadelphia Section 
Hanny, R. M. 

WEST CONSHO- 
HOCKEN 
Philadelphia Section 

Jewson, H. F., Jr. 
Mayfield, R. K. 
WEST PITTSTON 


Anthracite-Lehigh 
Valley Section 


Fay, J. E. 


WILKES-BARRE 


Anthracite-Lehigh 
Valley Section 


Bryant, J. G. 
Fritzinger, W. L. 
Graboski, L. D. 
Guckelberger, G. W. 
Hegenbarth, F. 
Teilich, G. M. 
Lloyd, J. A. 
Nicholson, S. T. 


Wellhofer, E. S. 
Wood, S. V. 


WILKINSBURG 
Pittsburgh Section 


Boyum, W. B. 
Penney, J. H. 
Poors eAreR. dr 
Rehnborg, G. A. 
Sayles, B. J. 


WILLIAMSPORT 


Central Pennsylvania 
Section 


Baugh, H. H. 
Chew, B. B. 
Crawford, G. W. 


Gathman, D. W. 
Geiger, W. C. 
Haas, C. M. 
Hartman, J. H. 
Kiesel, Tess 
Osojnak, BoM 
Ritter, G. T., Jr. 
Rozenberg, H. W. 
Wallin, J. W. 


WILLOW GROVE 
Philadelphia Section 


Doyle, J. E. 
Schneck, OC. E. 


WILMERDING 
Pittsburgh Section 


Farmer, G. C. 
Hewitt, E. E. 
Kasonik, J., Jr. 
Kirk, W. B. 
McCune, J. C. 
Price, D. J. 
Stevens, R. R. 
Stewart, C. D. 
Thomas, F. 8. 


WRIGHTSVILLE 
Susquehanna Section 
Schock, L. L., Jr. 


WYNCOTE 
Philadelphia Section 
Goodwin, H., Jr. 


WYNNEWOOD 
Philadelphia Section 


Limont, A. W., Jr. 
Roddis, L. H., Jr. 
Smith, A. D., Jr. 


WYOMISSING 


Anthracite-Lehigh 
Valley Section 


Harper, A. O. 
Tomkins, S. E. 


YARDLEY 
Philadelphia Section 


Bates, D. M. 
Johnston, R. 8. 


YORK 
Susquehanna Section 


Aughenbaugh, E. E. 
Beaty, A. Q. 
Breda, T. K. 
Broden, E. R. 
Bryan, W. L., Jr. 
Campbell, G. 

Coe, R. G. 
Crossman, A. 
Dickinson, D. M. 
Dornbirer, S. D. 
Downs, S. F., Jr. 
Eyler, K. E. 
Farquhar, F, 
Fisch, J. 

Fisher, W. J. 
Galazzi, J. A. 
Gallenkamp, E. W. 
Hamm, H. W. 
Johnson, C. T. 
Johnson, G. D. 
Karhan, R, A. 
Leeson, M. G. 
Levy, V: N. 
Lewis, H. I. 
Marks, G. L. 
Martin, H. B. 
McCormack, D. J. 
Misch, ©. E. 
Morse, L. S., Sr. 
Murphy, Miss W. M. 
Neiman, C. H., 
Powell, E. M. 
Rogers, E. L. 
Ruff, A. W. 
Russell, R. J. 
Schick, H. L. 
Scoville, J. D. 
Sharp, R.-E. B. 
Silberger, M, E. 
Smith, B. E. 
Smith, G. L. 
Soling, S. P. 
Weber, O. E. 
Williams, L. 
Yarov, Miss B. 
Young, F. L., Jr. 
Zieber, W. E. 


Zook, S. O. 
Zowski, T. 


YOUNGWOOD 
Pittsburgh Section 
Robertshaw, C. W. 
ZELIENOPLE 
Pittsburgh Section 
Robinson, J. R. 
ZIONSVILLE 


Anthracite-Lehigh 
Valley Section 


Seem, ©. B. 


PUERTO RICO 


AGUIRRE 
Salinas 
Percy, J. P. 


CAGUAS 
Guayama 
Gonzalez, M. A. 
Soler, A 
CANOVANAS 
Humacao 
Cochran, A. R. 


FAJARDO 
Humacao 
Grossenbacher, E. 


GUAYAMA 
Guayama 
Waterbury, L. C. 


HUMACAO 
Humacao 
Hansen, H. H. 
Roig, J. A. 
MAYAGUEZ 
Mayaguez 


Bravo, C. L. 
Bravo, O. F. 
Gil Re 
Sepulveda, R. A. 


PLAYA PONCE 
Ponce 
Ferré, L. A. 


PONCE 
Ponce 


Antonsanti, L. 
Quintero, C. E. 
Santaella, J. A. 
Thompson, S. 
Wirshing, A. O. 


RIO PIEDRAS 
Humacao 
Rodriguez, G. G. 


SAN JUAN 
San Juan 


Carmoega, E. R. 
Castro-Amy, R. 

Feliu, ©. J. 

Garcia de la Torre, L. 
Hilera, P. 
Rivera-Rodriguez, D. 
Torres, M. 

Tuya, E., Jr. 


SANTURCE 


San Juan 


Hau, O. E. 
Solla, A. P. 


RHODE ISLAND 


APPONAUG 
Providence Section 
Craig, J 
CENTRAL FALLS 
Providence Section 
Kulig, C. W. 
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CRANSTON 
Providence Section 


Brown, W. H., Jr. 
Cady, H. 
Meuchten R. J. 
Hunter, if E., Jr. 
Lord, D. G. 


DAVISVILLE 
Providence Section 
Jansson, M. E. 


EAST GREENWICH 
Providence Section 
Blake, J. H. 


EAST PROVIDENCE 
Providence Section 
MacLeod, N. D. 


GREENVILLE 
Providence Section 
Laboissonniere, E. W. 


KINGSTON 
Providence Section 


Billmyer, ©. D. 
Carpenter, E. L. 
Knowles, A. S. 

Wales, R. L. 


MANVILLE 
Providence Section 
Congdon, D. E. 


NEWPORT 
Providence Section 


deBethune, G. S. P. 
Vitzgerald, J. 
Greten, N. J., Jr. 
Jackson, W. E. 
Johnson, L. W. 
Teeter, P. H. 
Whitaker, R. J. 


PAWTUCKET 
Providence Section 


Buote, OC. E. 
Davies, W. M., Jr. 
Dobrolet, Miss A. 
Fisher, H. C. 
Hacking, C, 
Huxford, G. T. 
Lindberg, B. A. 
pcettttey, A. H. 
Pohle, H 

Thornley, a E. 
Tingley, J. W., Jr. 


PROVIDENCE 
Providence Section 


Aldrich, J. G. 
Armstrong, J. T. 
Bainton, A. H. 
Rainton, W. B. 
Barningham, C. S. 
Bennett, A. F. 
Berard, S. J. 
Berry, E. J. 
Blanding, R. L. 
Bliss, Z. R. 
Bradley, E. H. 
breckenridge, A. L. 
Brown, A. K. 
Brown, Ww. S. 
Bumstead, R. 
Calder, A. W., Jr. 
Carrier, G. F. 
Chick, A. C. 
Coleman, J. B. 
Dart, W. C. 
Day, R. A. 
Donkersley, A. B. 
Drewett, W. A. 
Eldert, J. DeB. 
Fales, H. H. 
Fletcher, R. L. 
Foster, F. E. 
Freeman, C. 
Freeman, IE. W. 
Freeman, F. C. 
Freeman, H. T. 
Golner, D. 
Gongwer, B. F. 
Gordon, E. M. 
Graves, B. P. 
Grosser, C. E. 
Guillemette, J. D. 
Haggerty, C. 
Hanscom, G. L. 
Harlan, J. A. 
Harrington, E. W. 
Holton, P. J., Jr. 


Johnson, E. ps 
Jones, M. W. 
Kelsey, G. W. 
Kenerson, W. H. 
Kennedy, W. A. 
Kistler, P. N. 
Knight, E. R. 
Knott, M. J. 
Knowlton, L. E. 
Kostka, F. P. 
Kropper, H. J. 
Loepsinger, A. J. 
MacLeod, A. S. 
Mathes, S. F. 
Matter, R. E. 
Mawson, R. 


Rakatansky, H. 
Roberts, C. A. 
Robinson, E. J. 
Roddy, F. M. 
Rugh, J. M. 
Schafer, T. W. D. 
Scott, R. M. 
Shaal, L. F. 
Sharpe, Heep: 
Sheeran, L. A. 
Sheldon, ASN, 
Simeon, O. J. 
Sizer, H. S. 
Tanner, F. C. 
Verrier, A. N. 
Viall, R. 
Vierling, A. J. 
Wagner, L. E. 
Weimar, H. C. 
Welshman, H. 
Wiley, R. C. 
Williams, J. H. 
Wilson, J. A. 
Wood, R. V. 
Woodford, P. S. 


QUONSET POINT 
Providence Section 


Curtis, R. W. 
Lender, A. 
Stevens, M. H. 


WARREN 
Providence Section 
Lohse, F. E. 


WESTERLY 
Providence Section — 
Luehrs, H. J. 

Payne, H. G. 
WOONSOCKET 
Providence Section 

Blackall, ye S., Jr. 


Dursin, H., Jr. 
Miller, P. V. 
Parker, G. C. 
Root, M. J. 


“SOUTH CAROLINA 


ANDERSON 
Greenville Section 
Pruitt, R. S. 


CHARLESTON 
Greenville Section 


Bettis, J. R. 
Biggerstaff, E. D., Jr. 
Braumiller, R. E. 


Lumsden, w. B., Jr. 
MacMurphy, Ww. Os Ayes 
McCrady, L. de B. : 


Planck, ona Jr. 


Shoudy, C. A. 
Thornburg, R. W. 
Upton, S. J. 
Wiley, P. R. 


CLEMSON 
Greenville Section 


Earle, S. B. 
Fernow, B. E. 
Meeks, O. D. 
Sams, J. H., Jr. 


COLUMBIA 
Greenville Section 


Hartwell, T. C. 
Herty, F. B. 
Lindau, J. W., Il 
Mercer, OC. F. 


4 DUNCAN 
Greenville Section 
McDowell, W. E. 


FLORENCE 
Piedmont Section 
Luke, C. P. 
FT. JACKSON 
Ss aaa H. 


Lardis, N 
Lehman, A. W. 


GREENVILLE 
Greenville Section 


Asbury, A. D. 

Lee, W. K. 
McPherson, J. A. 
Morgan, G. R. 
Reeves, J. H., Jr. 
Sirrine, J. E. 
Vaughan, 3 W., Jr. 
Waldrep, J 


GREENWOOD 
Greenville Section” 
McKnight, E. W. 
HARTSVILLE 
Piedmont Section 
Dunlap, C. K., Jr. 
LANCASTER 
Piedmont Section 
Scruggs, E. L. 
LYMAN 
Greenville Section 
. Lindsay, J. O. 
MYRTLE BEACH 
Ellis, B 
NAVY YARD 
Greenville Section 
Whitcomb, A. H. 
NORTH CHARLES- 
TON 


Greenville Section 
Matthew, R. T. 


ORANGEBURG 
Smoak, R. A. 


ROCK HILL 
Piedmont Section 


Hardin, J. C., Jr. 
Stapleton, L. A. 


SPARTANBURG 
Greenville Section 


Allen, J. H. 
Chapman, R. H. 
Eaddy, E. J. 
Long, R. H. 
Whitehurst, J. C. 
Williams, E. M 


SUMTER 


Belton, J. F., Jr. 
Montague, L. D. 


WELLFORD 
Greenville Section 
Hill, F. 


SOUTH DAKOTA 


BROOKINGS 


Amidon, L. L. 
Engebretson, P. A. 


MITCHELL 
Trimmer, C. A. 


PHILIP 
Brown, H. L. 


RAPID CITY 


Fowden, W. 
McAllister, J. A. 


SIOUX FALLS 


Johnson, H. O. 
Short, M. K. 
Timmerman, H. W. 
Young, G. 


VERMILLION 


Brookman, H. E. 
Moeller, H. G. 


WOONSOCKET 
Brewster, W. M. 


TENNESSEE 


ALCOA 


East Tennessee 
Section 


Daves, H. W. 

Ferry, R. M. 
Frankum, J. L. 
Henderson, J. M. 
Horne, J. 

Matthews, V., Jr. 
Ribble, G. W. 
Stephenson, T. I., Jr. 
Walker, R. B 
Warren, M., Jr. 


BRISTOL 


East Tennessee 
Section 


Hamlin, W. F. 
Torok, E. 


CAMP FORREST 
Moore, J. P. 


CHATTANOOGA 


East Tennessee 
Section 


Campbell, G. E. 
Chandler, L. F. 
Chapman, E. C. 
Ervin, T. © 
Gegan, A. J. 
George, H. F. 
Haller, R. V. 
Harris, A. W. 
Johnson, J. M. 
Jones, K. 
Kimbrough, ah 
McLain, A. R. 
McNulty, D. L. 
Morris, G. L. 
Moses, A. J 
Nunne, F. C. 
Salmon, F. A., Sr. 
Secor, A. T 
Sherman, D. C. 
Sherrod, ©. A. 
Sweeney, G. M. 
Wilson, W 
Winthorpe, J. 


CLARKSVILLE 


Brown, P. H. 
Greer, C. H. 


COLUMBIA 
Bock, E. J., Jr. 


ELIZABETHTON 


East Tennessee 
Section 


Brock, R. C. 
Bryan, A. 8. 
Chapman, P. A. 


Sellers, W. N 


FOUNTAIN CITY 


East Tennessee 
Section 


Searle, T. C. 
Sullins, S. L., Jr. 


GERMANTOWN 
Memphis Section 
O’Brien, J. W. 


GOODLETTSVILLE 
Balthrop, W. P. 


GUILD 


East Tennessee 
Section 


Neperud, W. F. 


HARRIMAN 


East Tennessee 
Section 


Tarwater, J. L. 


JOHNSON CITY 


East Tennessee 
Section 


Shearer, D. R. 


KINGSPORT 


East Tennessee 
Section 


Bartak, A. M. 


Galbreath, eh 
Gallagher, Ps 
Guenther, E. G. 
Hague, R. W. 
Haller, L. G. 
Knierim, V. LeR. 
Marshall, V. O. 
Moorehouse, G. W. 
Moorehouse, W. S. 
Oesterle, A. L. 
Palmer, E. W. 
Rigby, J. E. 
Smith, H. E. 
Thomas, J. R. 
Wells, A. S. 
White, J. C. 
Witt, tT. Re 
Worden, W. H. 


KNOXVILLE 


East Tennessee 
Section 


Allen, W. B. 
Bowman, J. S. 
Cantrell, C. M. 
Case, M. C. 
Chambers, W. R. 
Ferris, C. E. 
Ferris, J. P. 
Freeman, P. J. 
Gall, W. R. 
Giesler, J. Vs 
Gill, We M., Jr. 


Holdredge, BE. C. 
Holz, Pe Bs 
Hornbaker, W. 
Johnson, I. O., Se. 
LeBlanc, R. mS 
Leinart, B. H. 
Lewis, O. K., Jr. 
Maloney, J. D., Jr. 
Mason, R. N. 
Miser, J. P. 
Montgomery, B. S. 
Montgomery, W. L. 
Morton, R. W. 
Mynderse, C. N. 
Nixon, W. 

Parrish, J. R. 
Plummer, ©. R. 
Roberts, K. C. 
Searle, W. F., Jr. 
Seckendorff, BE. W. 
Shipman, L. A. 
Stroyan, G. S. 
Teasley, G. I. 
Thomas, F. H. 
Thomas, W. W., Jr. 
Thumeer, R. C. 
Tucker, J. M. 
Whiteside, J. T. 
Woodward, S. M. 


LEXINGTON 
Memphis Section 
Maxwell, R. L. 


LONE MOUNTAIN 


East Tennessee 
Section 


Payne, J. H. 


MARTIN 
Gille, H. E. 


MARYVILLE 


East Tennessee 
Section 


Hunter, J. A. 
Kennedy, W. C. 
Ramage, E. C., Jr. 


MEMPHIS 
Memphis Section 


Allen, T. H. 
Cobb, E. T. 
Everett, W. B. 
Gill, E. H. 
Heehs, R. A. 
King, R. M. 
Linder, T. 
Mansfield, H. V. 
Miller, W. H. 
Roberts, W. H. 
Sartore, A. C. 
Sharp, C. K. 
Sherritt, R. C. 
Thomason, J. J. 


MILAN 
McLellan, J. M. 


MILLINGTON 
Memphis Section 
O’Brien, C. F., Jr. 


NASHVILLE 


Acker, S. H. 
Betty, B. B. 
Boynton, J. E. 
Bryan, E. E. 
Collins, M. R., Jr. 
Coolidge, R. N. 
Darden, C. M. 
DeVoe, J. M. 
Evans, W. F. 
Farrar, D. F., Jr. 
Heller, M. 
Hembree, P. P. 
Henderson, G. A. 
Hughes, P. A. 
Ingersoll, R. J. 
Jenkins, J. T., Jr. 
Kittrell, O. T. 
McDonald, R. N. 
Morrison, R. T., Jr. 
Rogers, A. S., Jr. 
Thomas, E. F. 
Van Dyke, R. V. 
Walsh, H. H., Jr. 
Wilcox, C. E. 
Wright, A. V. 


NORRIS 


East Tennessee 
Section 


Hickox, G. H. 


OAK RIDGE 


East Tennessee 
Section 


Anderson, R. S. 
Bachman, C. A. 
Barnett, W. R. 
Bedinger, A. F. G. 
Bernat, R. R. 
Blake, L. LaF., Jr. 
Bregman, I. S. 
Carnes, H. W. 
Carver, V. DeV. 
Claffey, C. J. 
Corry, R. T. 
Danielson, L. C. 
Dodge, R. T. 
Gormeley, J. F. 
Greene, F. H. 
Harris, G. N. 
Hay, B. W. 
Holdredge, E. 
Howe, J. T. 
Julien, J. H. 
Ketner, D. M. 
Latimer, OC. 
Lundin, M. I. 
McAmis, J. C. 
Neill, F. H. 
O’Brien, F. R. 
Overton, D. A. 
Pardo, V. A. 
Pohlman, D. F. 
Reinhardt, R. G. 
Robinson, R. F. 
Sacks, M. M. 
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Schlanger, A. L. 
Sexton, R. M. 
Shuff, W. E. 
Sweeney, R. L. 
Sweet, H. M. 
Usdin, E. 
Wallace, W. M. 
Wendell, D. M. 
Wilson, H. N. 
Wilson, R. C. 
Zapp, F. C. 


OLD HICKORY 
Nichols, L. A., Jr. 
WHITEHAVEN 


Memphis Section 


Elam, BE. W. 
Russell, R. M., Jr. 


TEXAS 


ABILENE 
North Texas Section 


Franklin, G. McC. 
Hollowell, G. A. 
Nelson, C. W 


AMARILLO 


Mid-Continent Section 


Burnett, E. S. 
Franklin, P. E. 
Grise, W. K. 
Jackson, L. B. W. 
Johnson, C. W. 
Van Nostrand, E. S. 


ANGELTON 
South Texas Section 
Rust, A. D., III 


ARCHER CITY 
North Texas Section 
White, E. W. 


AUSTIN 
South Texas Section 


Bartlett, L. H. 
Barton, M. V. 
Begeman, M. L, 
Breaker, E. R. 
Degler, H. E. 
Doughtie, V. L. 
Eckhardt, C. J., Jr. 
Holloway, F. M. 
Mulholland, R. A. 
Muller, F. G. 
Park, Ss. 
Ross, J. H. 
Short, B. E. 
Smith, M. G. 
Svensen, C. L. 
Thomas, T. R. 
Thompson, M. J. 
Watt, J. R. 
Winters, F. G. 
Woolrich, W. R. 
Young, D. 


BAY CITY 
South Texas Section 
Kimberlin, P. H. 


BAYTOWN 
South Texas Section 


Beavers, K. T. 
Campbell, H. T. 
Dvorak, J. J. 
Edwards, W. R. 
French, P. R. 
Hall; HoH. 
McEwin, J. B. 
McKean, ©. V. 
Mooney, J. P. 
Whalen, F. 


BEAUMONT 
South Texas Section 


Urech, H. ‘Ha: 


BISHOP 
South Texas Section 
Hodge, J. F. 


TEXAS 


BORGER 
Mid-Continent Section 


Winslow, R. G. 
Woodward, A. E. 


BRECKENRIDGE 
North Texas Section 
Brown, C. H. 


BRYSON 
North Texas Section 
Young, R. 


CAMP BOWIE 
North Texas Section 


Bayne, C. R. 
Happel, H. E. 
Thompson, H. 


CAMP HOOD 
Levine, H. 


CAMP MAXEY 
Hammer, J. E. 


CAMP SWIFT 
South Texas Section 
Payne, A. L. 


CAMP WALLACE 
Norman, J. L. 


COLLEGE STATION 
South Texas Section 


Brewer, A. V. 
Crawford, C. W. 
Faires, V. M. 
Files, C. W. 
McNew, J. T. L. 
Ransdell, C. H. 
Rowland, W. G. 
Simmang, ©. M.. 
Thompson, J. G. H. 
Vance, H. 
Wingren, R. M. 


CORPUS CHRISTI 
South Texas Section 
Allen, M. H., Jr. 


Holsworth, R. C. 
Kocmit, 05 Jr. 
Peterson, F. Pot: 
Schaaf, G. ©. 
Wagner, F. C. 
Wright, B. W., Jr. 


CRYSTAL CITY 
South Texas Section 


Brennan, W. P., Jr. 
Walker, J. J. 


DALLAS 
North Texas Section 


Adams, J. W. 
Agee, C. D. 
Arledge, W. F., Jr. 
Ayres, R. 
Beesley, G. W. 
Berkley, W. E. 
Besio, CO. A. 
Bickel, L. A. 
Blanton, Bes 
Butler, F. A. 
Chambers, H. E., Jr. 
Cole, L 

Comroe, I. H. 
Cowles, C. A. 
Downing, F. T. 
Drandell, J. 
Edmondson, D, E. 
Gardner, M. K. 
Getz, H. E., Jr. 
Gregory, W. B. 
Grimes, C 
Guerrero, J. E. 
Guiberson, S. A., 
Guilloud, L. H. 
Hallaman, C. G. 
Hardy, N. G. 
Hart, H. A. 

Hill, W. E. 
Hughes, H. R., Jr. 
Hungate, L. H., Jr. 
Hurt, J. M. 
Hyde, G. OC. 
Ivey, O. E, 


TEXAS 


Johnson, J. E., Jr. 
Justice, F. O. 


Lacy, J. 
LaGrange, W. A. 
Lake, S. T., Jr. 
Lee, J. A. 

Leyda, H. L. 
Lucas, M. W. 
Lundberg, G. A. 
Matson, R. McK. 
Mitchell, O. 
Moeller, W. 
Moore, M. J. P. 
Murray, F.' F. 
Noell, M. J. 
Noyes, J. A. 
Patterson, 8. 
Pearson, H. R. 
Pfeiffer, D. CO. 
Poole, J. A. 
Rabe, F. W. 
Rasmussen, R. A. 
Rauch, R. T. 
Reagor, A., Jr. 
Rogers, J. ow 
Schmidt, E. F. E. 
Shimer, J. M. 
Shumaker, C. H. 
Silberman, M. 
Staples, C. A. 
Stone, G. A. 
Teague, R. L. 
Trump, H. W. 
Vogelsang, L. O. 
Wacker, E. J., Jr. 
Walcott, H. G., Jr. 
Walton, E. G., Jr. 
Weintraub, S. S. 
Weir, A. D. 
Wheeler, L. J. 
Wier, J. P. 
Wilhoit, L. M. 
Williams, T. 8. 
Willits, V. W. 
Wilson, J. E. 
Winston, P. R. 
Yelderman, G. R. 
Young, S. H., 


DEER PARK 


South Texas Section - 


Cogan, M. H. R. 


EAGLE LAKE 
South Texas Section 
Breithaupt, J. T. 


EL CAMPO 
South Texas Section 
Kainer, J. E. 


EL PASO 
North Texas Section 
Austin, E. 


Rosenbaum, A, 
Singleton, W. T., Jr. 


ENCINO 
South Texas Section 
Meredith, H. H., Jr. 


FARMERS BRANCH 
North Texas Section 
Marshall, E. H. 


FT. BLISS 
North Texas Section 


Manley, R. W. 
Reed, E. E. 
Scott, BaD: 


FT, SAM HOUSTON 
South Texas Section 
Putryae, E. J. 


FT, WORTH 
North Texas Section 


Alexander, M. M., Jr. 
Andes, A. 8. 
Benischek, H. W. 
Brentzel, R. Jr. 
Clay, J. A., Jr. 
Cordell, P. M. 
Dillon, E. L. 

Dines, J. E. 
Fitzgerald, O. 
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Gillon, V. O. 
Graham, W. W. 


Pumphrey, K. F. 
Robinson, H. M. 
Simpson, M. A. 
Stevens, G. W. 
Thomas, J. B. 
Thornton, W. L. 
Vestal, D. M. 
Werner, R. 
Werst, H. K. 
White, W. L. 
Wilson, D. D. 


FOSTER FIELD 
South Texas Section 
Sanders, A. M. 


FREEPORT 
South Texas Section 


Beutel, A. P. 
Dingus, G. W. 
Griswold, N. D. 
Ketchum, E. R. 
Norman, B. F., Jr. 
Norris, H, L., Jr. 
Osborn, O. 

Parish, J. M., Jr. 
Walker, T. J. 
Warren, J. P. 


GALVESTON 
South Texas Section 


Hardgrave, R. L. 
Harper, E. A. 
Slajer, J., Jr. 


HARLINGEN 
South Texas Section 
Field, R. W., Jr. 


HIGHLANDS 
South Texas Section 
Cibulka, A. 


HOUSTON 
South Texas Section 


Allen, H. 

Alliger, W. T. 
Alton, D. D, 
Amstead, B. H. 
Appelt, L. L. 
Baldwin, B. A. 
Balka, W. H. 
Beeler, G. B. 
Behrens, K. F. 
Berg, L. E. 

Born, M. R. 
Cameron, H. S. 
Cochran, A. R., Jr. 
Cox; Jean. wor. 
Crawford, M. W. 
Cubberly, W. E., Jr. 
Dale, D. N. 


Evans, S. 
Flanagan, R. G. 
Friedrich, H. L. 
Furcron, W. 8. 
Germond, R. W. 
Gisler, M. 
Greenwood, M. H. 
Hartwell, A. E. 
Hiebeler, H. G. 
Hoffman, E, H. 
Holland, R. 
Hotze, E. G. 
Howard, J. H. 
Howard, R. E., Jr. 
Hull, B. E. 
James, P. H. 
Jones, J. K. 
Jones, R. M., Jr. 
Kearns, M, I. 
Kincade, E. C. 
King, J. J. 
Kinley, J. 
Kinzbach, R. B. 
Klauberg, W. E. 
Koch, W. M. 
Kotzebue, M. H. 
Kuldell, R. OC. 
Lantau, M., Jr. 
Leigh, F. D. 
Leverett, W. H. 
Loeffler, J. E. 
peers R. 5 
McCay, 
MeDenald, Ww: A. 


Moller, H. F. 
Moore, J. D. 
Moore, M. L, 
Moss, E. H., Jr. 
Muller, F. G. D. 
Nagai, G. M. 
Neilon, C. R. 
Netherwood, J. 8. 
Neuhaus, R. 
Nevill, G. E. 
Nordin, 0. L. 
Olsen, O. LaO. 
Patton, J. D. 
Patton, J. W. 
Payne, A. D. 
Pechacek, R. E. 
Pitts, C. E, 
Power, J. A. 
Pratt, B. R. 
Rahm, F. D. 
Reed, M. V. 
Robertson, J. M. 
Robertson, W. T. 
Rosebrugh, O. M. 
Rowan, R. L. 
Samp, oO F, 
Simpson, J. H., Jr. 
Sonderegger, J. R. 
Steen, A. B., Jr. 
Sterling, A. A., Jr. 
Stivers, F. 0. 
Sullender, M. O, 
Tylaska, T. T. 
Weaver, E. M. 
White, O. J. 
White, R. E. 
Young, H. B., Jr. 


INGLESIDE 
South Texas Section 
Bynum, E. A., Jr. 
Cassin, W. 


JACKSONVILLE 


North Texas Section 
Funk, H. B. 


LONGVIEW 
North Texas Section 
Evans, R. H. 


LUBBOCK 
North Texas Section 


Godeke, H. F. 

Hardgrave, J. O. 

Kipp, H. L. 

Powers, L. J. 

St. Clair, O. A. 

Studhalter, W. R. 
LUFKIN 

South Texas Section 


Hess, E. E. 

McHale, W. L. 

Poland, R. L. 

Trout, W. O. 
MARLIN 

North Texas Section 


Rice, W. M. 


McALLEN 
South Texas Section 
Rowland, R. A., Jr. 


MOULTON 
South Texas Section 
Havlik, M. D. 


NEDERLAND 
South Texas Section 
Tansil, C. L., Jr. 


NEW BRAUNFELS 
South Texas Section 
Giesecke, F. E. 


NEWGULF 
South Texas Section 
Lowsher G. W. 
Orr, On Li: 
Preston, W. B. 
ODESSA 
North Texas Section 


Abel, A. W., Jr. 
Winters, R. K. 


OLVEY 
North Texas Section 
Wood, D. B., Jr. 


ORANGE 
South Texas Section 


Briggs, W. 8. 
Daniel, T. A. 
Hoch, T. S. 

Rogers, A. W. 
Vitolo, R. A. 


OVERTON 
North Texas Section 
Sessums, T. R. 


PASADENA 
South Texas Section 
Wright, M. J. 


PIERCE 
South Texas Section 
Shannon, B. L. 


PITTSBURG 
North Texas Section 


Clark, G. M., Jr. 
Clark, J. McA, 


PORT ARTHUR 
South Texas Section 


Atwell, OC. S. 
Farquhar, B. W. 
Herlin, R. G. 
Lennox, J. J., Jr. 
Leverett, F. M. 
McCarthy, E. W. 
Sherrill, R. L., Jr. 
Showalter, H. J. 
Thomas, W. B. 


PORT NECHES 
South Texas Section 


Axtell, F. F. 
Lowther, W. G. 


ROSCOE 
North Texas Section 
Mueller, L. A. 


ROSHARON 
Colles, G. W. 


SAN ANGELO 
North Texas Section 
Roberts, OC. R. 


SAN ANTONIO 
South Texas Section 


Beretta, J. W. 
Bergstrom, R. W. 
Bishop, J. 0. 
Chiodo, C, H. 
Dabney, R. R. 
Diver, M. L. 
Fuller, R. L. 
Jourdin, W. W. 
Knipping, R. H. 
Molokie, S. W. 
Oge, G. W. 
Reinarz, A. R. 
Snyder, N. H., Jr. 
Tuttle, W. B. 
Zimmerman, M. J. 


SELMAN CITY 
North Texas Section 
Rollins, J. T. 
SHEPPARD FIELD 


Benkert, J. E. 
Connor, H. W. 


SHERMAN 
North Texas Section 
Totten, H. W. 


SPUR | 
North Texas Section 


Cowan, J. H. 
Green, T. J. 


TEXARKANA 


North Texas Section 
Swanberg, E. R. 
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TEXAS CITY 
South Texas Section 


Darling, P. E. 
Loeffler, J. E., Jr. 
Schapiro, S. B. 
Schleser, E. 
Stoneburner, O. W. 
Sullender, W. A. 
Warren, O. W. 


TYLER 
North Texas Section 


Campbell, J. G. 
Crenshaw, W. F. 
Howse, G. L. 


VELASCO 
South Texas Section 


L. B. 
Fitzgerald, R. M., Jr. 


WACO 
North Texas Section 
Griffis, W. K. 


WICHITA FALLS 
North Texas Section 


Dannettell, H. W., Jr. 
Orrell, J. E. 


UTAH 


EPHRAIM 
Utah Section 
Olsen, O. R. 


GARFIELD 
Utah Section 


Ferguson, M. S, 
Johnson, S. T. 
Kunkel, R. E. 


KEARNS 
Utah Section 
Heebner, E. R. 


MAGNA 
Utah Section 
Pearson, J. St. C. 


MURRAY 
Utah Section 
Mackay, R. B. 


OGDEN 
Utah Section 


Lucas, T. E. 
Morgan, G. W. 


SALT LAKE CITY 
Utah Section 


Arlt, W. P. 
Baker, R. D. 
Beckstrand, E. H. 
Billeter, J. C. 
Bywater, L. G. 
Carroll, C. D. 
Carter, G. W. 
Cope, W. J. 
Egleston, M. P. 
Elkins, D. A. 
Erikson, A. 
Gates, A. O. 
Hansen, W. R. 
Hassell, H. J. 
Hogan, M. B. 
Jones, G. M. 
Kelsey, W. H. 
Kempe, W. F. 
Landes, R. J. 


Messersmith, BE. M. 
Parker, G. A. 
Parks, H. S. 
Petit, E. P. 
Roberts, J. D. 
Schindler, A. J. 
Schwartz, D. M. 
Sharp, J. ©. 
Turpin, W. D. 
Wilson, E. B. 
Woodruff, P. A. 
Zetterman, H. L. 


TOOELE 
Utah Section 
Crossen, J. 


VERMONT 


ARLINGTON 


Green Mountain 
Section 


Ellingwood, ©. R. 


BENNINGTON 


Green Mountain 
Section 


Tschorn, F. o. 


BETHEL 


Green Mountain 
Section 


Fyles, C. S. 


BURLINGTON 


Green Mountain 
Section 


Chapman, R. G. 


HYDE PARK 


Green Mountain 
Section 


Newton, R. B.: 


MIDDLEBURY 


Green Mountain 
Section 


Drake, R. W. 


PROCTOR 


Green Mountain 
Section 


Proctor, R. 


RUTLAND 


Green Mountain 
Section 


Creed, BE. M. 

Dockstader, J. H. 
O’Brien, P. J. 

SOUTH WOODSTOCK 


Green Mountain 
Section 


Houghton, ©. A. 


SPRINGFIELD 


Green Mountain 
Section 
Arms, M. H. 
Carney, K., Jr. 
Fersing, L. 
Flanders, R. E. 


Wright, J. P. 


WINDSOR 


Green Mountain 
Section 


Adams, C. H. 
Patch, A. E. 


VIRGINIA 


ALEXANDRIA 


Washington, D. C., 
Section 


Cundiff, C. R. 

de Cazenove, L. A, 
Harwood, H. P. 
Michel, F. J. 
Paetz, G. A. 
Senser, L. H., Jr. 


ARLINGTON 


Washington, D. C., 
Section 


Boggiano, J. E. 
Eyring, E. J. 


Gokey, F. ©. , 
Gormley, J. J., Jr. 
Loftheim, K a4 
Montague, E. N. 
Overman, H. S. 
Spellman, R. 
Voigt, F. A. 


AUSTINVILLE 
Virginia Section 
Heck, J. W. 


BASSETTS 
Virginia Section 
Gusler, D. L. 


BLACKSBURG 
Virginia Section 


Dusinberre, G. M. 
Ellis, 45 Te 
Evans, J. G., Jr. 
Fish, F. Lee "Ir. 
Foster, OC. ALB. 
Jones, J. B. 
Jones, J. L. 
Long, OC. H. 
Norris, E. B. 
Norton, P. T., Jr. 
Price, W. D. 
Roop, F. §., Jr. 
Trent, O. E 


BRISTOL 


Virginia Section 


Caswell, V. E. 
Daniel, O. P. 
Jones, F. A. 
Moore, C. P., Jr. 
Nebesar, R. J. 


CAMP LEE 


Virginia Section 


Banach, S. D. 
Barraza, M. von C. 
Brukardt, A. M. 
Negrin, M. 
Niemeyer, G. W. 
Presedo, J. 

Trott, D. L. 


CAMP PEARY 

Virginia Section 
Fosheim, I. V. 
Wiener, R. P. 

CAMP PICKETT 

Virginia Section 
Corby, J. C., Jr. 


CHARLOTTESVILLE 


Virginia Section 


Baender, F. G. 
Borden, J. P., Jr. 
Fullerton, H. P. 
Macconochie, A. F. 
Newbold, J. S. 
Walker, D. S., Jr. 
CHINCOTEAGUE 
Virginia Section 


Smith, E. W. 


CHRISTIANSBURG 
Virginia Section 
Correll, H. E. 


COVINGTON 
Virginia Section 
Doordan, R. E. 
Hayden, R. T. 
CULPEPER 
Virginia Section 
Castillo, C. A. 
Rochester, W. L. 
DAHLGREN 


Washington, D. C. 
Section 


Stockham, G. F. 


DANTE 
Virginia Section 
Robertson, R. O. 


FALLS CHURCH 


Washington, D. C. 
Section 


Tschappat, w. He 


FT, BELVOIR 
Virginia Section 


Bird, B. O. 
Halbmillion, V. 
Hecht, H 
Lehner, J. B. 
Matthews, S. H., Jr. 
McEachern, J. A. 
Moser, OC. Asi 
Nickerson, R. D. 
Cote Jeaoe 
Pach, 
Sere Jobs 
Treiber, K. L. 
Varner, I. S. 
FT, EUSTIS 
Virginia Section 


Anderson, CO. H., Jr. 


FT, MONROE 
Virginia Section 
Roemer, H. 


FT, MYER 


Washington, D. C. 
Section 


Anderson, N. K. 
Welch, C. F. 


FT, NORFOLK 
Virginia Section 
Brie, E. H. 


FREDERICKSBURG 
Virginia Section 


Case, L. B. 
Russell, A. O. 


FRONT ROYAL 
Virginia Section 
Bennett, J. 
Nelson, S. © 
GLEN LYN 
Virginia Section 
Lawrence, M. P. 


GRAVELLY POINT 
Virginia Section 
Talmage, R. H. 


HAMPTON 
Virginia Section 


Clevenson, S. A. 
Griffith, L. M 
Hall, O. N. 
Hoffman, E, L. 
Taylor, V. 
Ulmann, E. F. 


HARRISONBURG 
Virginia Section 
Price, C. G., Jr. 


HILTON VILLAGE 
Virginia Section 


Bartlett, R. L. 
Marshall, H. P. 
Parker, W. T., Jr. 


HOPEWELL 
Virginia Section 


Bell, A. L. 
Bowen, E. W. 
Coxon, W. R. 
Dewling, W. L. E. 
Graves, E. H 
Hanson, L. O. 
Kniskern, W. H. 
Morris, T. O. 
Novikoff, I. A. 
1S 


Westlake, W. G. 
Wintzer, H. C. 
IVANHOE 
Virginia Section 
Germond, E. G. 


KECOUGHTAN 
Virginia Section 
Windle, A. E. 


LANGLEY FIELD 
Virginia Section 


Budde, A. A. 
Cederborg, G. A. 
Davey, R. S. 
Edwards, H. B. 
Garavaglia, A. F. 
Gardner, W. N 
Girouard, R. L. 
Goral, E. B. 
Haynes, T. E. 
Korycinski, P. F. 
Miller, E 
Miller, J. E. 
Naeseth, R. L 
Olson, M. M. 
Pepoon, P. W. 
Putnam, A. A. 
Reisert, T. D. 
Skabo, ‘a. H. 
Stone, R. W., Jr. 
Thorp, A. G., II 
Varnum, R. g., Jr. 
Weber, H 


LEXINGTON 
Virginia Section 


Faison, G. W., III 
Trinkle, R. J. 


LITTLE CREEK 
Virginia Section 


Plonsker, M. J. 
Stanley, OC. E. 


LYNCHBURG 
Virginia Section 


Capron, J. D. 
Carrington, F. G. 
Lee, R. 

Roberts, ne Jr. 


MARION 
Virginia Section 


Hartwell, C. 
Lincoln, J. D 


MONROE 
Virginia Section 
Brown, L. F. 
NARROWS 
Virginia Section 
Angell, E. N. 
NEWPORT NEWS 
Virginia Section 
Abernathy, G. T. 
R. 


Benson, F. 
Bledsoe, L. F., Jr. 
French, 

Hancock, 0. H. 
Hatch, 


Ireland, M. iu Jr. 
Irvine, J. W. 
Moorhead, D. G. 
Pepper, R. H. 
Reid, J. W., Jr. 
Snyder, J. De Jr. 
Sterling, J. C. 
Swain, R. O. 
Terry, R. V. 
Welsh, M. G. 
Zeno, D 


NORFOLK 
Virginia Section 


Brauninger, G. G. 
Bushnell, C. H., Jr. 
Chapman, §., Jr. 
Davis, J. H. 

Gary, H. H. 

Gowen, R. B. 

Gygi, B. R. 

Hodes, L. E. 

Hunt, R. 

Kenley, B. E. 

Le Coney, H. M., Jr. 
L., Jr. 
Porter, G. J 


Porter, L. A. 
Pringle, E. S. 
Schweitzer, R. R. 
Shannon, R. H. 
Sinica, J., Jr. 
Sullivan, F. J. 
Whitmore, M. 
Williams, H. D. 
Wingo, W. B. 


OCEANA 
Virginia Section 
Haynes, P. D. 


PETERSBURG 
‘Virginia Section 
Juer, R. 


PINEY RIVER 
Virginia Section 


Butcher, I. A. 
Hettrick, A. B. 


PORTSMOUTH 
Virginia Section 


Bennett, D. W. 
Bradt, D. M. 
Gardner, L. R. 
Hoskins, CO. B. 
Matson, E. A. 
Morton, H. S. 
Peterson, S. G. 
Schmidt, E. A. 
Shoulders, W. & 
Shufflebarger, F. N., Jr. 
Toomer, L. C 


PULASKI 
Virginia Section 
Jones, H. R. 


QUANTICO 


Washington, D. C. 
Section 


Gayle, G. D. 
Relyea, L. K. 


RADFORD 
Virginia Section 
Forbes, J. A., Jr. 


RICHMOND 
Virginia Section 


Bascome, G. L. 
Belitz, W. B., Jr. 
Berkness, I. R. 
Blackwelder, C. D. 
Booth, H. R. 
Boynton, E. B. 
Budwell, L. 
Carle, E. J. 
Cooke, T. C. 
Davis, G. M. 
Delaney, E. F. 
Drewry, T. W. 
Duffy, T. H. 
Flythe, J. T., Jr. 
Gentry, CO. R. 
SY Jo 
Gray, O. 

Green, W. A., Jr. 
Grenoble, D. H. 
Hilgartner, o H. 


Hinnant, O. Jr. 
Hoppe, G. i ‘Ir. 
Howell, F. K. 
Hunt, G. 


Johnson, B. J. 
Johnson, R. E. 
Johnston, J. A. 
Kiachif, M. 
MacArthur, C. J. 
Maldari, C. D. 
Miller, Has Leg Jr. 
Roane, E. S., 
Saunders, F. F 
Scrivenor, A. 
Simpers, i2Gh 
Smith, M. S. 
Starke, T. J. 
Street, G. L., Jr. 
Trapnell, N. McL. 
Williams, E. J. 


ROANOKE 
Virginia Section 


Carr, G. R. 

Lee, G. T. 

Lovette, S. A. 
Miller, ES 
Pilcher, J. A. 
Pond, E. 

Ross, W. T. 
Wiggins, O. A.. Jr. 
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SALTVILLE 
Virginia Section 
Burns, W. J. 


STAUNTON 
Virginia Section 


Belz, R. A. 
Loeber, O. 
St. Clair, D. W. 


SUFFOLK 
Virginia Section 
Hopkins, H. R. 


WAYNESBORO 
Virginia Section 


Clark, C., IV 
Kemp, J. B. 
Kennedy, P. A., Jr. 
Nicholson, L. E. 
Parker, H. M. 
Probst, J. R. 
Safford, J. F. 
Thompson, J. C. 


WARRENTON 


Washington, D. C. 
Section 


Weschler, G. A. 
WEST POINT 
Virginia Section 

Mayes, M. S. 

WILLIAMSBURG 
Virginia Section 

Smith, T. W. 
WINCHESTER 
Virginia Section 


Louderback, P. G. 
Robinson, H. D., Jr. 


YORKTOWN 
Virginia Section 


Kernander, W. N. 
MacIntyre, V. S. 


————————— 
VIRGIN ISLANDS 


CHARLOTTE 
AMALIE, 
ST, THOMAS 
Wagner, P. W. 


—————$——— 
WASHINGTON 


BANGOR 


Western Washington 
Section 


Harrod, R. J. 
BATTLE GROUND 
Hill, E. V. 
BELLEVUE 


Western Washington 
Section 


Cauvel, H. L. 
Tedrow, G. E. 


BELLINGHAM 


Western Washington 
Section 


Harshman, D. G. 


BLAINE 


Western Washington 
Section 


Pohl, C. A. 


BREMERTON 


Western Washington 
Section 


Benedick, F. 


Elo, L. G. 
Galbraith, F. W. 
Gollin, C. M. 
Henderson, R. D. 


WASHINGTON 


Johnson, R. E. 
Koppy, M. 
Lenihan, T. J., Jr. 
Linkletter, R. L. 
Majecher, W. S. 
Martinson, G. C. 


Smith, P. B. 
Sola, 8. L. 
Timmerman, Tad. 
Wellman, G. A. 


CAMAS 
Oregon Section 
Cramer, L. W. 


CENTRALIA 


Western Washington 
Section 


Oliver, E. W. 


COLFAX 
Inland Empire Section 
Ross, D. R. 


COULEE DAM 
Inland Empire Section 
Ford, W. F. 

Hutton, S. E. 
EVERETT 


Western Washington 
Section 


Flateboe, E. I. 

McCarthy, J. H. 

Peters, CO. W., Jr. 
FT, LEWIS 


Western Washington 
Section 


Adams, J. J. 

Baker, J. O. 

Crawford, E. O. 

Janes, A. M. 

Kimball, R. S. 

Lewis, J. 

Proper, A. F. 
GOLDENDALE 


Bennett, N. H. 


HANFORD 
Inland Empire Section 
Finnerty, F. J. 


KIRKLAND 


Western Washington 
Section 


Swenson, C. H. 


LONGVIEW 


Western Washington 
Section 


Huffman, C. A. 

McCanna, L. A. 

Wolf, R. B. 
LYNDEN 


Western Washington 
Section 


Larson, T. E. 


OLYMPIA 


Western Washington 
Section 


Bates, J. H. S. 
Ellis, J. G. E. 
ORCAS 


Western Washington 
Section 


Philbrick, W. W. 


PASCO 
Inland Empire Section 
Day, A. D. 


PULLMAN 
Inland Empire Section 


Candee, F. W. 
Parker, E. B. 


WASHINGTON 


PUYALLUP 


Western Washington 
Section 


Knapp, H. J. 
McCurdy, J. D. 


RENTON 


Western Washington 
Section 


Stuart, J. C. 


RICHLAND 
Inland Empire Section 


Anderson, C. W. 
Caney, F. W. 
Foote, L. R. 
Lawler, J. V. 
Livingston, H. S. 
Moroz, P. J. 
Richards, W. A, 
Schwertfeger, A. J. 
Sloan, W. MacL. 
Yates, M. E. 


SEATTLE 


Western Washington 
Section 


Acomb, W. E. 
Adams, H. L. 
Altman, D. ©, 
Amsler, R. 
Ashleman, R. H. 
Beggs, W. E. 
Berger, K. 
Bessent, T. A, 
Best, L. S. 
Blumberg, La OF 
Boettcher, R. A, 
Bonifaci, L. P. 
Bouillon, L. 
Bourland, ED; 
Bowen, H. ie. 
Brink, W. E. 
Browning, Laas & 
Bruns, J. D. 
Bullock, R. G. 
Bushley, H. R. 
Butler, a: P, 
Cehrs, O. H. 
Christensen, H. D, 
Clausen, H. K, 
Consley, J: a Jr. 
Cooper, L. 
Crabill, J. a 
Crain, R. Wi be 
Crawshaw, s. L 
Davison, R. E. 
Demmitt, ipa t 
Dye, I. W. 
Dyer, R. L. 
Eastwood, E. 0. 
Egbert, H. E. 
Emery, H. R., Jr. 
Estep, A. 0. 
Evans, W. 
Fassett, D. a 
Fieman, L. 


Forsythe, P. E. 
French, G. E. 
Gaynor, AS 
Gellert, N. H. 
Gibson, W. R. 
Giffin, L. W. 
Giles, O. M. 
Gjesdahl, Ds ae 
Goodell, R. IN. 
Gordon, H, R. 
Grant, G. A. 
Greaves, F. G., Sr. 
Gullikson, INGE 
Hage, S. D. 
Hamilton, J. 8. 
Hanson, R. A. 
Harmon, R. © 
Harris, E. N. 
Hayes, W. T. 
Heckman, T. P. 
Heffernan, Shy ie 
Henderson, a L. 
Hess, R. J. 
Hill, W. 8. 
Hite, M. W. 
Honold, R. P. 
Humphrey, D. D. 
Hunt, W. R. 
Karla, G. 
Kemmish, L. W. 
Kirsten, F, K. 
Krehbiel, H. C., ar 
Lamson, O. F., 
Langdon, R. Ss, a 
Lee, F. B. 

Levy, A. P. 
Lindstrom, R. J. 
Lipsett, H. 
Lodewyks, P. F. 
Long, R. I. 
Lyons, D. A. 
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MacBriar, W. N. 
Mankus, R. T 
Mann, ©. P. 
Marshall, C. W. 
McClay, C. H. 
McIntosh, W. J. 
McIntyre, H. J. 
McMinn, B. T. 
Medlin, J. B. 
Mills, B. D., Jr. 
Moffitt, R. C. 
Moore, G. O. 
Moritz, H. K. 
Morrison, E. V., Jr. 
Mylroie, J. E. 
Newell, W. L. 
Newman, L. B. 
Nichols, C. F. 
Oldright, W. 
Paterson, J. V. 
Patterson, G. A., Jr. 
Pence, E. A., Jr. 
Peters, H. E. 
Pike, R. J. 
Placek, E. W. 
Platt, Miss Vises 
Plum, Ciek: 
Poyser, S. J. 
Price, O. A. 
Quackenbush, C. F. 
Ransom, J. P. 
Raymond, E. T. 
Reynolds, D. D. 
Rice, P. E. 
Ringlee, N. P. 
Rockwell, R. L. 
Rogers, W. E. 
Row, B. 
Sawyer, H. T. 
Schaal, N. J. 
Schellhase, F, A. 
Shoudy, P. A. 
Simpson, J. W., Jr. 
Spangler, T. A. 
Sprake, T. W. 
Sumner, H. W. 
Tallmadge, E. C. 
Thompson, R. A. 
Towne, R. M 
Tupper, E. B. 
Tymstra, S. R. 
Vanek, S. D. 
Walker, G. H. 
Walter, D. EB. 
Walter, R. E. 
Wemple, M. C. 
Whaley, F. OC. 
Williford, DMP: 
Siar 


Wyatt, C. C. 
Yarber, G. W. 
Young, F. R. 


SEQUIM 


Western Washington 
Section 


Norgren, D. U. 


SHELTON 


Western Washington 
Section 


Oswald, G. L. 


SPOKANE 
Inland Empire Section 


Flatow, W. W. 
Franck, R. W. 
German, J. G. 
Gray, D. R. 
Henderson, E. F. 
Humphrey, (N.) W. 
McGivern, J. G. 
Peterson, V. J. A. 
Pospisil, L. J. 
Rasmussen, M. A. 
Shirk, I. A. 

Viles, G. L. 
Wood, K. M. 


STEILACOOM 


Western Washington 
Section 


Young, M. A. 


TACOMA 


Western Washington 
Section 


Chatterton, H. I. 
Cliffe, E. L. 
Foote, E. E. 
Hartnett, E. J. 
McRae, R. C. 
Messer, J. D. 
Sattler, C. S. 


VANCOUVER 


Western Washington 
Section 


Howe, P. H. 
Saunders, I. L- 


WALLA WALLA 


Western Washington 
Section 


Ross, T. H. 


es 
WEST VIRGINIA 


BELLE 
West Virginia Section 
Elliott, J. F. 


Muehlman, Vln br, 
Stover, A. J. 
Swanson, J.L. 
Thorson, W. R. 
Willis, 0 


BLUEFIELD 
West Virginia Section 
Stowers, R. Pr. 


CABIN CREEK 
West Virginia Section 
Robins, V. T. 


CHARLESTON 
West Virginia Section 


Baker, H. M. 
Bloomsburg, M. S. 
Bond, J. C., Jr 
Brevoort, F. LeR. 
Bush, R. T. 
Butler, F. J. 
Eshelman, R. L. 
Farin, W. G. 
Habicht, E. R. 
Hagerman, O. S. 
Hitchman, W. R. 
Hunt, J. M 
Johnson, O. L. 
Kastle, C. McS. 
Kuhns, R. L. 
Lewis, H. OC. 
McQuaide, L. B., Jr. 
Morgan, J. T. 
Morse, H. L. 
Neale, D. F. 
Newbern, D. P. 
Schroeder, K. A. 
Strowe, O. G. 
Weber, P. R. 


CLARKSBURG 
Pittsburgh Section 
Belz, H. M. 
Bonsall, J. 
ELKINS 
West Virginia Section 
Sibert, W. B. 


FAIRMONT 

Pittsburgh Section 
Brown, E. S. 
Drake, W. V. 
Holtzworth, H. E. 
Judy, G. L. 

GARY 

West Virginia Section 
Ketter, H. E. 
Schickedanz, L. H. 

HARPERS FERRY 
Cline, ©. A. 


HUNTINGTON 
West Virginia Section 


Brooke, M. 
Carson, W. H. 
Dickinson, W. A. 
Mabley, ©. R., Jr. 
Reevy, J. H. 
Reggel, W. G. A. 


LARGENT 
Donnelly, J. A. 


LOGAN 
West Virginia Section 
Collins, J. W. 


MILLVILLE 
Hetzel, L. H. 


MONTGOMERY 
West Virginia Section 
Skaggs, H. C., Jr. 


MORGANTOWN 
Pittsburgh Section 


Blount, T. H., Jr. 
Cather, H. M. 
Coulson, A. L. 
Reynolds, J. I. 


NEW MARTINS- 
VILLE 
Pittsburgh Section 
Wolf, C. E. 


RAVENSWOOD 
West Virginia Section 
Ritchie, A. H. 


SOUTH 
CHARLESTON 

West Virginia Section 
Barker, J. L., Jr.’ 
Cannon, A. H. 
Carspecken, H. L., Jr. 
Chandler, T. 
Cochran, O. B, 
Crocker, G. H. 
Frisch, G. M. 
Gorrell, O. W. 
Hanks, G. J., Jr. 
Kahler, W. G. 
Lang, O. ©. 
Little, R. P. 
Lorig, M. B. 
MacMillan, G. D. 
Malloy, J. F. 
Mangan, W. E. 
Merritt, R. T., Jr. 
Miller, J. G. 
Phillips, R. W. 
Quay, L. L. 
Rosengarten, G. M. 
Shoemaker, R. E. 
Smith, H. T., Jr. 
Stewart, J. C. 
Thompson, D. 
Walker, J. J. 
Webb, R. D. 


VIENNA 
West Virginia Section 
Long, R. H., Jr. 


WEIRTON. 
Pittsburgh Section 
Purdy, J. B. 


WHEELING 
Pittsburgh Section 


WISCONSIN 


ALBANY 
Rock River Section 
Wood, J. M. 


APPLETON 
Milwaukee Section 
Crews, J. F. 
Fannon, W. A. 
Schubert, W. E. 
BARKSDALE 
Wuest, F. W. 


BEAVER DAM 
Milwaukee Section 
Feiereisen, W. J. 
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BELOIT 
Rock River Section 


Clem, J. M. 
Dahlund, E. L. 
Dodge, BE. R. 
Glazebrook, R. CO, 
Grutzner, F, P. 
Heim, Kear 
Hobart, F. G. 
Hornbostel, L. 
Murphy, G. 
Nordlie, F. R. 
Owens, J. 
Schettler, WwW. Ww. 
Schultz, K. W. 
Smith, R. A., Jr. 
Smith, R. R. 
Swannack, J. D. 
Vaule, S. A. 
Wylly, W. B. 


CEDARBURG 
Milwaukee Section 
Sherwood, N. P. 


CLINTONVILLE 
Milwaukee Section 


Stieg, B. O. 
Stieg, R. W. 


COMBINED LOCKS 
Hella, R. . 


CUDAHY 
Milwaukee Section 
Dixon, E. O. 


DELAVAN 
Milwaukee Section 
Smith, R. W. 


EAU CLAIRE 


Gehlar, N. W. 
Goldberger, E. S. 
Rollins, L. M. 


EVANSVILLE 
Rock River Section 
Chalfant, A. I. 


FOND DU LAC 


Rutz, W. E. 


FT, ATKINSON 
Milwaukee Section 
Sweet, F. 


FOX LAKE 
Milwaukee Section 
Steffa, H. I. 


GREEN BAY 
Wendschuh, O. H. 


HUDSON 
Milwaukee Section 
Roessle, R. B., Jr. 


JANESVILLE 
Rock River Section 
Van Saun, W. G. 


KENOSHA 
Milwaukee Section 


Bernitt, E. W. 
Colburn, G., Jr. 
Goldsberry, L. W. 
Puidokas, S. V. 
Sterling, O. H. 
KOHLER 
Milwaukee Section 


Biever, E. J. 


LA CROSSE 


Anderegg, R. H. 
Funk, W. F. 
Moser, ING We 


MADISON 
Rock River Section 


Benfer, M. F. 
Bokorney, F. R. 
Elliott, B. G. 


Hemingway, E. L. 
Langdon, R. 
Larson, G. L. 
Mathewson, J. S. 
Maurer, E. R. 
Mead, D. W. . 
Myers, P. S. 
Nelson, D. W. 
Norris, C. B. 
Puckett, H. R. 
Reuschlein, ©. J. 


Wendt, Ww. R., Jr. 
White, J. OC. 
Wilson, L. A. 


MENASHA 


Asmussen, J. 
Ferguson, J. E. 


MILWAUKEE 
Milwaukee Section 


Alexandroff, W. A. 
Allen, R. C. 
Allen, W. 
Altorfer, H. A. 
Andrews, E. V. 
Angel, T. J. 
Arashiro, N. N. 
Armitage, J. B. 
Beck, M. A. 
Beitzer, V. F. 
Bernauer, R. O. 
Bilty, O. H 
Birdseye, C. 
Bliss, W. D. 
Bloedorn, OC. W. 
Booker, R. J. 
Borchert; E. W. 
Bormann, He Rs 
Bradley, EGE 


Chamberlin, ae Ww. 
Chavez, C. 
Coakley, We B. 
Colwell, A. W. 
Cook, E. B. 
Corwin, L. A. 
Cramer, R., Jr. 
Crego, D. F. 
Croke, C. V. 
Cunningham, R. S. 
Dahlstrand, H. P. 
Dixon, W. A. 
Doderer, A. W. 
Dornbrook, F. L. 
Dorner, F. H., Jr. 
Doughty, G. N. 
Dow, H. W. 
Drewry, M. K. 
Drinka, J. J. 
Ehlinger, A. H. 


Fechheimer, C. J. 
Fedenia, J. N. 
Ferris, W. 
Fischer, W. C. 
Fitze, M. E. 
Fobian, R. J. 
Frank, E. 
Fratcher, G. E. 
Fritsch, R. A. 
Froehlich, 
Frost, R. C. 
Gates, E. L. 
Gates, S. J. 
Georgian, J. C. 
Goetz, J. H. 
Gray, H. C. 
Greenwall, W. L. 
Grieshaber, E 
Griffin, R. D. 
Gruetjen, F. A. 
Gruett, LeR. E. 
Gruner, F. R. 
Gute, H. 

Hainer, F. W. 
Handlos, A. A. 


Hilgert, A. J. 
Holler, H. G. 
Holmes, A. OC. 
Hoppe, A. G. 
Huber, E. G. 
Hughes, A. D. 
Hunt, J. W. 
Imse, P. J. 
Jacobi, E. N. 
Jaski, F. E. 
Jett, G. O.- 
John, OC. F. 
Johnson, V. E. 


poreeuscas ates 
Judd, 

Judd, 8. 

Karr, J.J. 
Kaufelt, CO. L. 
Keller, J. M. 
Kenney, O. E. 
Kisa, 0. 
Klappenbach, H. E. 
Kleppe, O. A. 
Kliebhan, F. H. 
Kline, J. H. 
Kocher, E. J. 
Koerper, E. O. 
Kohlmann, G. 
Kollberg, G. L. 
Kramlich, 0. W 
Kremer, W. R. 
Kreuger, J. W. 
Laabs, E 

Lager, R. A. 
Lancaster, W. J. 
Langdon, R 
Lawrence, L. E. 
Lindemann, w. C. 
Lindstrom, A. W. 
Lippmann, E. E, 
Loebel, F. A. 
Losse, R. H. 
Luckes, R. F. 
Luedicke, A. H., Sr. 
Lund, B. 
Mackie, D. M. 
MacLeod, D. T. 
Malischke, OC. 
Manierre, G. 
Marshall, W. 
Martin, O. R. 
Marvin, P. R. 
Mayo, N. S. 
McElwee, J. J. 


Miller, R. H. 
Miniberger, G. 
poten wie 
Nagler, F. 
Naulin, D. B. 
Needham, H. H. 
Neubauer, E. T. P. 
Newhouse, R. C. 


ALBERTA 


CALGARY 


Davidson, P. 
Finnie, J. D. 
Foote, S. D. 
Higgins, A. 
Moorhouse, M. 


LETHBRIDGE 
Constantinescu, V. 


BRITISH 
COLUMBIA 


NANAIMO 
Hayes, O. R. 


OCEAN FALLS 
Bryant, J. L. 


POWELL RIVER 
Stewart, A. R. M. 


TRAIL 
Stiles, E. M. 


VANCOUVER 


Ballou, F. H. 
Bancroft, G. H. 
Booth, J. W. 
Bruce, N. O. 
Christie, A. S. H. 
Cox, L. 

Forrest, J. D. 
Granger, J. M. 
Hargreaves, G. 
Laird, A. D. K. 
Lloyd, G. A. 
Logan, J. D. 
Long, on D. 
McLaren, T. A. 
Mills, W. E. 
Morton, S. 
Nelson, J. T. 
Pearce, G. F. 
Batieneeey D. J. 
Richmond, W. O. 
Rooney, SOs 


Nicol, H. E. 
Nordberg, B. V. E. 
Nunnelee, H. B. 
Nystrom, K. F. 
Olson, G. G. 
Otto, O. A. 
Pankey, T. L. 
Parsons, F. A. 
Poyser, J. R., Jr. 
Price, W. K. 
Reiber, H. P. 
Reichl, R. P. 
Resek, J. V. 
Revere, F. J. 
Rheingans, W. J. 
Rice, R. G 
Rick, ©. 

Rietz, O. F. 
Roberts, J. F. 
Rockwood, ©. H. 
Rosecky, G. A. 
Rosenberg, E. ©. 
Ross, H. L. 
Roubik, J. R. 
Rubel, P. 

Rue, H. E 
Ruemelin, R. 


Schmidt, a 0. 
Schoen, J. 
Schwab, J. ¥. 
Scudder, OC. M. 
Seim, 0. S. 
Setterlund, G. G. 
Seutter, 13 
Shank, J. M. 
Sheets, H. E. 
Shodron, J. G. 
Simon, A. 
Smith, 0. R. 
Smith, R. J. 
Sommers, R. J. 
Soulen, P. J. 
Stanek, J. H. 
Stark, LaR. H. 
Strassman, R. C. 
Strohecker, R. F. 
Swenson, M. E 
Szekely, E. 
Taskin, H. A. K. 
Tellett, Dies 
Thuermann, Ww. J. 


Sawford, F. 


VICTORIA 


Dawson, H. W. A. 
Nash, O. W. 


MANITOBA 


WINNIPEG 


Parrish, V. Mach. 
Stewart, R. A. 


NEW BRUNSWICK 


EDMUNDSTON 
White, F. 0. 


ST, JOHN 


Clark, ©. G. 
Ring, R. A. 


——————— 
NOVA SCOTIA 


DINGWALL 
Cooke, W. G. 


HALIFAX 


Devereaux, W. A. 
Kerr, H. K 
Quinn, S. M. 
Sheridan, L. B. 
Norton, E. H 


YARMOUTH 
Kent, G. N. 


Tiedelmann, J. B. 
Tucker, W. B. 
Turnwald, W. 
Walker, E. LaF. 
Walker, F. W. 
Weber, J. G. 
Wehr, ©. F. 
Weinberg, I. 
Weithofer, F. W. 
Wellauer, E. J. 
Wetzel, T. A. 
White, P. A. 
White, W. M. 
Wilson, C. D. 


Wilson, J. CO. 
Wilson, Robert A. 
Wilson, Rushen A. 
Winkler, W. J. 
Wood, W. B. 
Woods, R. H. 
Young, A. J. 
Zettl, F. W. 


NASHOTAH 
Milwaukee Section 
Crownover, J. CO. 
Sedgwick, H. A. 
NEENAH 


Brockwell, L. A. 
Burger, W. H., Jr 
Butler, J. B. 
Greiner, OC. J. 
Kolbe, G. H. 
Lande, O. O. 
Lundy, W. L. 
Miller, D. J. 
Minarik, R. G. 
Parker, F. W., III 
Vitale, J. A 


NORRIE 
Milwaukee Section 
Wege, E. ©. 
OCONOMOWOC 
Milwaukee Section 
Henszey, R. O. 


OSHKOSH 
Schroeder, J. H. 


PORT WASHINGTON 


Milwaukee Section 
Warming, T. 


RACINE 
Milwaukee Section 


Ehrich, L. S., Jr. 
Freres, R. N. 
Hagensick, R. L. 
Kothera, E. J. 
Kriva, J. A. 
Link, O. T., Jr: 
McCann, ©. S. 
Morrow, ©. H. 
Prochazka, F. J. 
Schafer, S. P. 


ROTHSCHILD 
Keeth, G. 


SHEBOYGAN 
Milwaukee Section 
Johnson, F. I. 
Sykes, R. E. 

Weldy, G. H. 
SHEBOYGAN FALLS 
Milwaukee Section 

Joa, ©. G. 


SOUTH MILWAUKEE 


Milwaukee Section 


Coleman, W. W. 
Lehman, W. 
Lonngren, B. L. 
Ruhloff, F. ©. 
Smith, R. F. 
Steckel, R. J. 
Van Vleet, J. G. 
Woods, P. H. 


CANADA 


ONTARIO 


AJAX 

Rubinoff, A. L. 
BELLEVILLE 
Ontario Section 


Janitsch, A. D. 
Thomas, J. A. 


BLENHEIM 
Detroit Section 
Thompson, FE. F. 


BRANTFORD 
Ontario Section 


Bailey, R. L. 
Cariss, O. C. 
Mott, H. E. 
Sandison, A, iG. 8. 
Waterous, O. A. 


BRITTANIA BAY 
Acres, H. D. 
BURLINGTON 
Ontario Section 
Hall, G. 
COCHRANE 
Ontario Section 
Johnson, I. O. 
COPPER CLIFF 
Duncan, D. 
CORNWALL 
Ontario Section 


Chestnut, R. G. 
Nasmyth, P. H 


DUNDAS 
Ontario Section 
Bertram, H. G. 


EAST WINDSOR 
Detroit Section 
Ritchie, F. A. 
FITZROY HARBOUR 
Ontario Section 
Turley, H. T. 


FT, ERIE 
Ontario Section 
Otter, G. E. 


GALT 
Ontario Section 


eae Tae 
Eagles, B. B. we 
die, A 

Ospomnie: W. A. 

Sheldon, W. D., Jr. 

Spotton, A. K. 


GUELPH 
Patterson, L. A. 


HAMILTON 
Ontario Section 


Abell, J. D. 
‘Agnew, AS OE 
Anderson, O. H. 
Candlish, F. 
Capper, M.A. 
Dalrymple, J. “a 
Drummond, W 
Elder, L. 

Ernst, C. ce 
Galloway, CAs 
Hillgartner, H. L. 
Lee, R. W. 
Liddington, Ss. J. 
MacVannel, D. P. 
Moline, A. A. 
Muir, J. N. 
Parker, E. W. E. 
Sentance, L. C. 
Stephenson, J. 


HESPELER 
Ontario Section 


Macnab, A. CO. 
Scheffel, M. L. 
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SUPERIOR 
Engelking, W. W. 
Krafve, R. E. 

TOMAHAWK 
Bugge, S. B. 


TWO RIVERS 
Kahlenberg, R. W. 


WAUKESHA 
Milwaukee Section 
Eason, O. M. 
Gunther, F. J. 
Suchy, G. F. 
WAUSAU 
Milwaukee Section 
Eklund, H. J. 
Gray, N. A. 
WAUWATOSA 
Milwaukee Section 


Dornbach, R. F. 
Eserkaln, T. F. 
Sirotkin, G. Von B. 


WEST ALLIS 

Milwaukee Section 
Allen, E. C. 
Bunce, J. P. 
Colby, B. E. 
Dimberg, P. CO. 
Dixon, J. K. 
Erdahl, J. M 
Fobian, G. W. 
Heywood, H. L. 
Hunt, G. E. 
Koester, W. F. 
Martin, J. L. 
Miller, R. H. 
Mueller, F. J. 
Nau, P. R. 
0’Connor, W. D. 
Petermann, J. E. 


INGERSOLL 
Ontario Section 
Deacon, A. P. 


KINGSTON 
Ontario Section 


Boyd, R. N. 

Cavin, G. O. 

Marshall, J. D. 

Millson, J. O. 

Schmidt, R. 
KITCHENER 
Ontario Section 


McKenna, J. V. 

Spencer, AL Dy 

Vallario, J. B., Jr. 
LAKEFIELD 
Ontario Section 


Douglas, G. M. 


LEASIDE 
Ontario Section 
Knowles, D. W. 
Phipps, M. A 
LONDON 
Ontario Section 


Campion, W. K. 
Gilbert, R. L. 
Leonard, I. 
Spencer, A. O. 
Stead, H. 
Treloar, J. B. 
LONG BRANCH 
Ontario Section 


Lowrey, J. ©. 


NEW TORONTO 
Cornish, D. F. 
O'Neill, T. 

NIAGARA FALLS 


Andrews, S. W. 
Depairon, J. 


ONTARIO 


Pleyte, T. W. 
Robertson, O. A. 
Stessl, O. J. 
Stevralia, P. F. 


WEST BEND 
Milwaukee Section 
Salter, M. J. 


WISCONSIN RAPIDS 


Eron, L. J. 


WYOMING 


CASPER 
Roedel, J. K. 
Spielman, B. A. 
Standers, L 

CHEYENNE 
Haney, J. W. 


CHUGWATER 
Young, J. E. 


ELK MOUNTAIN 
Quealy, L. S. 


LARAMIE 
Anderson, O. E. 


ROCK SPRINGS 
Pelton, B. H. 


SINCLAIR 
Morrison, K. L. 


Killoran, CO. H. 
London, W. P. 
Newby, W. M. 
NORTH BAY 
Ontario Section 
Becks, D. E. 
Sharpe, H. W. 
ORILLIA 
Ontario Section 
Campbell, O. G. 


OSHAWA 
Ontario Section 


Simmons, ©. E. 
Taylor, W. F. 


OTTAWA 
Ontario Section 


Carr-Harris, G. Q. 
Colclough, O. T. 
Elmsley, O. M. R. 
Hill, H. G. 

Howe, Oo. D. 
Ledingham, W. E. 
MacLean, J. H. 
McIntosh, D. G. 
McNaughton, A. G. L. 
Nazzer, D. B. 
Parkin, J. H. 
Relyea, J. DeW. 
Tarbox, J. W. 
Turner, E. S. 


PARIS 
Ontario Section 
Cockram, W. 


PETAWAWA 
O’Neill, G. W. 


PETERBOROUGH 
Ontario Section 


Bogle, R. T. 
Cochran, E. O. 
Laderach, oO. W. 
Maybee, B. 


ONTARIO 


McBrien, R. H. 
Pettersen, H. H. N. 
Sangater, W. 
Wade, dg. 8. 


PORT CREDIT 
Ontarlo Section 
Gray, J. OC. 
ROCKOLIFFE 
Finlayson, J. O. 
ST, CATHARINES 


Buffalo Section 


Cook, T. J. 
McLaughlin, W. G. 
Smith, A, D, 


8T, THOMAS 
Ontario Section 
Paton, W. J. R. 


SARNIA 
Detroit Section 


Blayney, J. P. 
Canning, W. BE. 
Oraig, W. WH, 
Haddy, J. F. 
Russell, A, 
Stubbs, W. I. 
Walsh, F. F, 


SOCARBORO 
Pinder, H. O. 
SCHUMACHER 
Ontarlo Section 


Bowman, I’, H, 
Buchmann, K. 1, 


SMOOTH ROCK 
FALLS 
Ontarlo Section 
Plant, W. A. 

SOUTH OSHAWA 
Alloway, D. M. 
SOUTH PORCUPINE 

Ontario Section 
Andrew, P. J. 
STRATFORD 
O’Loughlin, W. H. 
THOROLD 


Ontario Section 
Oalnan, FB, J. 


CHIHUAHUA 
Chihuahua 
Fierro, 8. 


DURANGO 
Durango 
Zalaha, J. 


CANAL ZONE 


See Page 193 


TILBURY 
Detroit Section 
Foster, &. W. 


TORONTO 
Ontario Section 


Adams, ¥, O. 
Agnew, T, O. 
Aikine, W. R. 
Aldridge, 1. ¥. 
Alleut, I, A. 
Anderson, N. M, 
Angus, D. L. 
Angus, D. HH. 
Angus, R. W. 
Appelton, H, 
Aseltine, A. W. 
Bateock, O, B. 
Bell, F. J. 
Beynon, ©. E. 
Birss, R, J, 
Blair, T. HH. 
Blue, A. O. 
Boa, J. O, 
Bruce, W. 
Buchanan, K. A, 
Burgess, HP R. 
Burns, O. H. Mach. 
Bushnell, H. P. 
Oapelle, BE, A. 
Carriere, M. F. 
Chapman, KR. EH. 


Ohilderhose, H. MacO, 


Olarke, 8. G. 
Clayton, L, J. 
Oonnor, W. A. 
Coulter, W. R. 
Oudin, L. 2. 
Darling, D. G. 
Davis, O. R. 
Davis, EB. R. 
Dawson, A, R. 
Dick, H. D, 
Dickey, A, J. 
Duckworth, D, TH. 
Dyke, J. M. 
Rast, F. G. 
Fland, F. A. 
Ellis, O. W. 
Elleworth, G. Ff. 
Etlin, HW. B. 
Evana, R. A. 
Farintosh, H. f. 
Ferguson, J. ¥F. 
Fisher, G. H. B. 
Foreman, A. 8. 
Fraser, W. ©. G. 
Gates, K. G, 
refed (aah Rk, G. 
A, 


Hamilton, A. R. 
Hamilton, O, B., Jr. 
Harvey, A 

Herman, 8. K. 
Hewitt, W. TH. 
Tillier, R. G. 


GUADALAJARA 
Jalisco 
Collignon, M, 


LOS MOCHIS 
Sinaloa 
Steel, J. 


COSTA RICA 


PUERTO LIM6N 


Ross, R. WH. 


Hogg, A. D. 
Huber, D. G. 
James, L. A. 
Jardine, T. 8. 
Jarrell, G. J. 
Jones, A. T. 


Leeper, R. W. 
Leitch, K. D, 
Lewis, O. EB. 
Lloyd, B. H. 
Lord, G. R. 
Lorimer, G. A. 
Lumbers, OC. G. 
Marriner, J. M. 8, 
Martin, EH. 8. 
Matthews, 1. 
McEwen, O. W. 
MeIntosh, W. G. 
McKenzie, J. 
MeNellis, R. 8. 
Meagher, R. D. 
Micklethwaite, W. EH. 
Miller, J. W. 
Miteul, K. 
Moore, W. A. 
Morris, W. R. 
Morrish, M. 
Myatt, Ee. 
Napler, D. J. 
Needham, R. J. 
Nicholson, R. 8. L. 
Olver, A. 8. 
Opsahl, E. 
Orskog, A. G. 
Panabaker, D. D. 
Parrish, D. J. 
Patterson, J. L. 
Payne, H. Rh. 
Peart, T. B. 
Pellett, W. H. 
Perriton, D. E. 
Petrinec, J. R. 
Roberts, F. F. 
Robinson, W. P. 
Robson, W. J. 
Rogers, J. By 
Ross, q. D. 
Rumball, O. J. H. 
Scott, A. L. 
Scrivener, R. H. 
Service, R. R. 
Seymour, J. H. 
Sheare, EB. J. 
Shelden, W. L. 
Shelson, W. 
Smith, D. OC, 
Smith, G. E. 
Smith, G. HH. 
Smith, I. W. 
Smith, W. H. 
Southmayd, O. G. 
Stenhouse, J. A. 
Stewart, M. D. 
Takahashi, §. 
Tate, G. H. 
Taylor, 2. G. T. 
Taylor, R. W. G. 


Thompson, H. G. 
Toby, I. O. 
Torell, B. W. 
Truman, F, 
Trusler, W. R. 
Tuttle, A. 8. 
Usher, E. 8. 
Usher, W. J. 
Wallace, W. A. 
Weatherhead, O. F. 
Webb, J. H. E. 
Welford, P. G. 
White, A. F. 
White, J. R. 
Whitehouse, J. ©. 
Wiren, R. O. 
Woods, W. B., Jr. 
Youell, L. L. 


WALKERVILLE 
Detrolt Section 
Adams, 8. M. 8. 
WALLACEBURG 
Ontario Section 


Burgess, J. A. 
Culham, H. D. 
McGorman, D. G. 
Stott, J. KE. 


WATERLOO 
Ontario Section 
Snider, A. M. 
WELLAND 
Ontario Section 
Batchelder, N. A. 
WESTON 
Gattley, W. BE. 
WINDSOR 
Detroit Section 
Bickhart, H. F. 


i regenza, W.E. 


QUEBEC 


ACTON VALE 
LaBreque, R. J. 
ASBESTOS 
Tector, A. D. 
BAIE COMEAU 


Dann, D, A. 
Jarvis, A. O. G. 


NEWFOUNDLAND 


ST, JOHN’S 
Bannerman, D, K. 


MEXICO 


MEXICO, D, F, 
(Mexico City) 


Avilez, I. 

Booth, D. M. 

Cabrera y Nevraumont, 
J. M 


Jamp, G. D, 

Oonnon, G. W. 
Conway, G. R. G. 

de la Macorra, J., Jr. 
Donahue, J. F. 


CENTRAL AMERICA 


SAN JOSE 


Picado, R. M. 
Purdy, H. T. 


Lopez, L. M. 
Macias, O. 
Mahon, W. J. 
Martinez, J. J. 
Miller, H, O, 
Ossman, E. H. 
Sensibar, B, 
Siefert, G. O. 
Tattersfield, J. P. 
Tornel, P. M. 
Zilboorg, J. M. 
Zoller, L. 


TURRIALBA 
Goode, O. B. 
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BROWNSBURG 
Freeland, W. W. 


BUCKINGHAM 
O’Shea, D. W. 


HULL 
Yuill, R. R. 


KENOGAMI 
Cowan, B. 


LAC-A-LA-TORTUE 
Cooper, 8. J. 


LACHINE 


Begg, R. A. 
Eadie, J. K. 


LONGUEUIL 
Gillies, J. A. 


MONTREAL 


Attendu, A, 0, 
Ball, W. 8S. 
Battley, E. R. 
Bell, J. B. 
Benger, W. F. A. 
Black, A. 
Bourgeois, C. 
Bowen, H. B. 
Challies, J. B. 
Chandler, H. §., Jr. 
Clark, W. H. D. 
Oohen, P. 
Combe, F. A. 
DeJean, EB. A, 
Ellis, F. A. 
Esdaile, H. M. 
Farmer, J. T. 
Foster, L. OC. 
Frey, G. W. 
Friedman, F. J. 
Frigon, R. A. 
Garland, J. 
Gaucher, J. 
Granger, T. 8. 
Grier, A. M. 
Hamer, I. M. 
Higginson, T. H. 
Hodgson, R. H. O. 
Hutchinson, J, B. 
Larkin, A. O. 
Laurie, A. 
Lemmer, H. 
Lindsay, D. L. 
MacAfee, R. E. 
Madgett, H. H. 
McGee, J. J. 
Muir, W. P. 
Nathanson, M. 
Newman, W. A. 
Noyes, R. R. 
Paton, A. H. 
Pradl, G. 
Rankin, Oo. J. 


MONTERREY 
Nuevo Leon 
Clark, 8. W. 


MORELIA 
Michoacan 
Summerlin, I. W. 


GUATEMALA 


GUATEMALA 


Melendez, V. EB. 
Viessman, W. 


Rankin, R. A. 
Raskin, F. J. M. 
Reeve, D. D. 
Robb, O. A. 
Roberts, A. R. 
Roberts, J. 
Robinson, EB. A. 
Schell, P. O. 


Wells, R. FB, 

Wiggs, G. L. 

Wright, L. A. 
NORANDA 


Gallagher, E. G. 


PLESSISVILLE 


Biloeq, G. A. 
Boisvert, J. B. 
Gamache, J. P. 
Hebert, A. J. G. 


PORT ALFRED 
Goloff, M. J. 
SHAWINIGAN 
FALLS 
Cornelius, 0. T. 


SHERBROOKE 


Haight, HW. V. 
Latulippe, L. J. 
Maybank, H. A, G. 
Moree, J. S. 

THREE RIVERS 


Butler, E. 
WATERVILLE 

Gale, W. D. 
WESTMOUNT 

Durley, R. J. 


WINDSOR MILLS 


Allan, ©. E. 
MacKenzie, F. CO. 


_ SASKATCHEWAN 


MOOSE JAW 
Postin, G. D. 


SASKATOON 
Fisher, F. P. 


TACUBAYA 
Mexico 
del Paso, A. 


TAMPICO 
Tamaulipas 
Aréchiga, L. EF. 


REPUBLIC OF 
PANAMA 


PANAMA 
McKay, J. B. 


ARUBA 


|bartiss, W. L. 
||oltane, T. K. 
jdepetko, E., Jr. 
,/yannop, L. G. 


BERMUDA 


HAMILTON 
|/Yatlington, BE. H. 


CUBA 


BANES 


| ‘Mattson, I. F. 
‘suarez, L. A. 


ARGENTINA 
ALTA GRACIA 


| (Mellor, O. 
| Weygandt, A. S. 


| PARANA 
| ‘Anderson, E. F. 


‘PUERTO LA PLATA 
‘Fletcher, T. F. 


BRAZIL 


RECIFE 
(Pernambuco) 
| 1Sidler, E. H. 


EGYPT 


ALEXANDRIA 
Babikian, H. M. 
CAIRO 


Johnson, T. 8. 
Meyer, H. F. 


CEYLON 


COLOMBO 
Pattison, R. 


CHINA 
CHUNGKING 


SHANGHAI 


Feng, T.-P. 
Harvey, A. H. 
Lem, F. Y. 
Tang, T.-Z. 


TIENTSIN 
Kwang, K. Y. 
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CAMAGUEY 
DeVarona-Aguero, P. 


CARDENAS 
Arias, E. R. 


CENTRAL AMERICA 


Fernandez, A. 


CENTRAL CESPEDES 
Fanjul, H. O. 


CENTRAL HERSHEY 
Elizondo, H. R. 
Michelena, J. L. 
CENTRAL JARONU 
Gonzalez, E. D. 


FRANCISCO 
Crawley, G. E. 


RIO DE JANEIRO 


Christoph, 0. K. 
Gillespie, F. M. 
Heslop, P. L. 
Ketchum, K. W. 
Ware, J. 8. 

S40 PAULO 


Billings, A. W. K. 
GC 


BRITISH GUIANA 


MACKENZIE 
Staples, W. J. 


CHILE 


ANTOFAGASTA 
Garey, G. W. 


——————————— 
UNION OF SOUTH 
AFRICA 


CAPETOWN 


Cape of Good Hope 
Benning, V. L. 


INDIA 


AHMADABAD 
Bombay 


Babaycon, M. A. 
Mehta, M. D. 
Thaker, 8S. H. 


AMRITSAR 
Punjab 
Singh, J. 
BANGALORE 
Mysore 


Penning, CO. J. H. 
Ramaswami, HE, K. 


BELAGULA 
Mysore 
Rao, T. N. 
BHADRAVATI 
Mysore 
Channappa, B. K. 


WEST 


GUANTANAMO 


Santamaria, I. J. 


GUANTANAMO BAY 
Hartin, F. R. 


HAVANA 


Dallas, O. F. 
Gianelloni, V. J. 
Gowling, L. E. 
Lanier, H. DuB. 
MacFarlane, J. 
Miller, E. G 
Riera, P. V. 
Romanach, J. A. 
Skilton, H. I. 
Stuntz, J. E. 
Wales, R. 


MANACAS 
Varona, M. O. 


INDIES 


MARIANAO 
de Goirigolzarri, M. 


MERCEDES 
Martinez, F. 8. 


MIRANDA 
Koch, EB. @G. 


NICARO 
Fitzhugh, R. R. 


PERICO 
Higginbotham, 0. 


PIA 
Guastella, S. F. 


PUNTA SAN JUAN 
Bancroft, J. 


SOUTH AMERICA 


IQUIQUE 
Krug, G. L. 
POTRERILLOS 


Love, O. P. 
Lynch, T. F. 


RANCAGUA 
Broeker, F. G. 
SANTIAGO 


Barker, H. 
Gamboa, F. R. 
Kruger, P. F. 


TALCAHUANO 
Zapata, J. V. 


COLOMBIA 


BARRANQUILLA 


Rippe, O. OC. 
Santos, A. 


BOGOTA 
Cortes, J. M. 
Laserna, A. 
Sanclemente, A, H. 

CALI 


Galvis, R. 
Hernandez A, R. O. 
Petura, F. E. 


CUCUTA 
Walsh, O. Z. 


MEDELLIN 
Foulds, 0. VonH. 


ECUADOR 


GUAYAQUIL 
Bermeo-Cevallos, O. H. 


AFRICA 


DURBAN 
Natal 
Reim, E. P. 


GERMISTON 
Transvaal 


Wade, W. A. 
Williams, A. F. 


ASIA 


BOMBAY 
Bombay 
Haskell, M. E. 
Master, J. N. 
Mukerji, M. L. 
Nimbkar, V. 
CALCUTTA 
Bengal 
Bentley, H. 
Carnes, P. 8S. 
DELHI 
Delhi 
Bose, K, K. 


HASSAN 
Mysore 
Krishnamurthy, B. 8. 


JAMSHEDPUR 
Bihar and Orissa 
Sinha, J. M. 


KARACHI 
Sind, Bombay 


Bhappu, K. K. 
Gabla, N. F. 


KHARGPUR 
Bengal 
Pathak, M. L. 


KIRLOSKARVADI 
Satara 
Kirloskar, S. L. 
LAHORE 
Punjab 
Handa, O. L. 
NEW DELHI 
Delhi 


da Costa, G. 
Raju, C. 8. N. 


PATNA 
Bihar 
Chatterjee, B. 
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RODRIGO 
Oquendo, R. 
SANTIAGO DE CUBA 
Martel, F. A. 


SENADO 
Diaz-Compain, J. 


CURACAO 


Echelson, G. 
Tuininga, P. 
van Wezel, M. 


DOMINICAN 
REPUBLIC 
SAN PEDRO DE 
MACORIS 
Kennedy, D. P. 


PERU 


CALLAO 
Bastante, A. M. 


LIMA 


Dasso, D. 
Gallese, J. J. 
Grieve, A. 


OROYA 
Hessellund, R. 


URUGUAY 


MONTEVIDEO 
Melrose, R. G. R. 


JOHANNESBURG 
Transvaal 


Allen, M. H. P. 
Bateman, B, L. 
Boyd, 0. O. 
Brown, T. O. 
Clarke, H. G. 
Cotterell, W. J. 


PHILLAUR 
Jullundur, Punjab 
Singh, N. 
POONA 
Bombay 


Bilimoria, P .D. 
Golwelkar, W. G. 


SHILLONG 
Assam 
Purkayastha, P. B. 
TRICHUR 
Cochin, Madras 
Menon, V. K. A. 
UJJAIN 


Gwalior, Central 
India 


Ram, R. A., Sr. 


IRAN 


KERMANSHAH 
Faridany, H. P. 


SIAM 


HAITI 


PORT-AU-PRINCE 
Hill, A. J. 


ci a nicer eee 
PUERTO RICO 

Ponsa 
See Page 226 


TRINIDAD 
POINTE-A-PIERRE 


Hearn, H. 2B. 


TT 

VIRGIN ISLANDS 

TT! 
See Page 229 


—— 
VENEZUELA 


BARCELONA 
Austin, FH. 


OARACAS 


Umerez-Blanco, FF. 


LAGUNILLAS 
McSweeney, W. T. 


MARACAIBO 
Andara, J. L. 
Brewster, J. T. 
Hansen, W. O. 
Idenden, F. 8. 
Neal, W 

SOMBRERO 


Tullar, I. V. 


Johnston, K. M. 


Orr, J. 
Reunert, T. 
O’OKIEP 
Namaqualand 
Mohler, R. O. 
JAPAN 
KYOTO 
Ishimura, L. 8. 
Kuwada, G. 
TOKYO 
Kamo, M. 
PALESTINE 
HAIFA 
Kurrein, M. 
JERUSALEM 


Schocken, M. J. 


————————— 
PERSIAN GULF 
BAHREIN ISLAND 

Blank, H. A. 

SIAM 


BANGKOK 
Thithan, K. 


DENMARK 


DENMARK 


COPENHAGEN 
Bak, A. K. 


HOLBAEK 
Petersen, P. J. 


ENGLAND 


ACCRINGTON 
Lancs 
J. M. 


ALTRINCHAM 
Cheshire 


Robinson, E. 


BEXLEY HEATH 
Kent 
Knowles, D. H. 


BIRMINGHAM 
Warwicks 


Fallon, J. 
Helliwell, W. 
Kego, R. 
MacLaren, J. E, 
Oreutt, A. H. 
Roby, C. F. 


Kenyon, 


BOLTON 
Lancs 
Aspinall, A. R. 


BRADFORD 
Yorks 
Donaldson, O. 8. 


BUCKHURST HILL 
Essex 
Nevard, M. 8. 


CANTERBURY 
Kent 
Banks, S. J. E. 


CHELLASTON 
Derby 
Tresilian, 8, 8. 


CLITHEROE 
Lancs 

Parris, G. O. 

CORBY 
Northants 
J. 8. 
COVENTRY 
Warwicks 
Voce, J. D. 


Blair, 


DERBY 
Derby 


Andrews, H. I. 
McIntyre, D. D. 


AUSTRALIA 


ADELAIDE 
South Australia 
Green, W. 


BRISBANE 
Queensland 
Axon, A. E. 
Evans, D. E, 
CASTLEMAINE 
Victoria 


Burnell, J. G. 
Henry, J. 8S. 


FILEY 
Yorks 
King, D. H. 
GATESHEAD 
Durham 
Sigmund, M. 
HEXTABLE 
Kent 
Giller, F. S. 


HUDDERSFIELD 


Yorks 
J. A. 
ISLEWORTH 
Middlesex 
Sinclair, H. 


Thornton, 


LEICESTER 
Leics 


Ritchie, A. P. 
Taylor, M. H. 


LIVERPOOL 
Lancs 
Hewitt, R. W. 


LONDON 


Allingham, H. W. 
Bonstow, T. L. 
Brownlie, D. 


Carroll, L. D. 
Champion, O. H. 
Charlewood, i) 'B; 
Chen, 0.-Y; 
Dean, E. S. 
Dunglinson, B. 
Ellenberger, W. J. 
Eextence, A. B. 
Fairhurst, Ny 
Flinn, A. V. 
Garratt, E. A. 
Glasgow, A. G. 
Quy, H. L. 
Hague, OC. K. F. 
Hartley, A. C. 
Heenan, J. N. D. 
Hoffmann, A. F. 
Hopewell, G. H. 
Horn, F. 

Inman- Emery, J. I. 
Kemp, J. T. 
Kennedy, G. F. 
Lee, E. H. 

Lytle, J. E. 
McEwen, EH. G 
MeGregor,, A. Tet 
Mills, E. 
Mortara: J. E. 
Mowat, M. 
Mullen, J. P. 
Murray, G. F. J. 
Pearce, S. L. 
Roberts, E. D. 
Robeson, A. M. 
Shannon, W. B. 
Southwell, R. V. 
Sparks, A. C, 
Sparks, OC. H. 
Spratt, H. P. 
Stanier, W. A. 
Swan, 8S. R. B. 
Thorpe, W. A. C. 
Troup, J. D. 
Twinberrow, J. O. 
Usher, G. O. 


Morton, A. B. 
Robertson, R. J. 
FOOTSCRAY 
Victoria 
Saenger, G. W. 
ISLINGTON 
South Australia 
Harrison, F. H. 


MELBOURNE 
Victoria 


Ford, A. 8. 
McMurrich, Dp 
Mealand, th 


EUROPE 


Verity, C. E. H. 
Verrall, G. T. 
Watson, H. D. 
Wauchope, G. A. 
Whiteford, J. F. 
Zoller, R. E. 


LONG EATON 
Derby 
Schofield, F. B. 
LOUGHBOROUGH 
Leics 
Schlesinger, G. C. 
MANCHESTER 
Lancs 
Fleming, A. P. M. 


Pailin, G. 
Wood, A. L. 


MELKSHAM 
Wilts 
Bealing, E. 


NEWARK-ON- 
TRENT 


Nottingham 
Samson, J. B. 


NEWCASTLE-ON- 
TYNE 


Northum, 
Lyon, A. G. 
NORTHFLEET 
Kent 
Walmsley, S. E. 
NORTH SHIELDS- 
ON-TYNE 
Northum, 
Beavers, G. R. 
NORTHWICH 


Cheshire 
Thornton, B. M. 


PETERBOROUGH 
Northants 
Ferguson, R. 


PUTNEY 
Few, E. L. 
REIGATE 


Surrey 
Abercrombie, J. H. 


ROMFORD 
Essex 
Owen, A. S. H. A. 


RUGBY 
Warwicks 
Campbell, G. M. 
SHEFFIELD 


Yorks 
Southern, H. 


SMALL DOLE 
Sussex 
ticardo, H. R. 


STOCKPORT 
Cheshire 
Day, C. C. 
Dearden, B. B. 
SUNDERLAND 
Durham 
James, I. G. 


SURBITON 
Surrey 
Cowan, P. J. 


TENTERDEN 
Kent 
Hudson, W. §. 


TUNBRIDGE WELLS 
Kent 
Case, R. C. 


WALLASEY 
Cheshire 
Caine, J. F. K. 


WALLSEND-ON- 
TYNE 
Northum, 
Brown, T. W. F. 


WALTON-ON- 
THAMES 


Surrey 


Robinson, I. V. 
Selvey, W. M. 


WANTAGE 
Berks 
Thurston, H. G. 


WESTMINSTER 
Tritton, J. S. 
WOLVERHAMPTON 
Staffs 


Elliott, G. D. 
Plummer, G. A. 
Thompson, S. J. 


FRANCE 


PARIS 
Garfield, A. S. 


Ricard, P. ab 
GERMANY 


BERLIN 
Neuhaus, F. 


OCEANIA 


Pullar, W. R. 


aNe 
Traill, Daas 


MIDDLE BRIGHTON 
Victoria 
Field, J. 


MIDLAND JUNCTION 
Western Australia 
Mills, F. 


REGENTS PARK 
New South Wales 
Shirtley, S. L. 


SPRINGVALE 
Victoria 
Lewis, K. P. 


SYDNEY 
New South Wales 


Davey, G. I. 
Denne, W. W. F. 
Dewar, N. W. 
Gibson, W. A. 
Hart, L. H. 
Makhno, V. V. 
Palmer, W. J. D. 
Price, N. I. 
Ratcliffe, F. R. 
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GREECE 


ATHENS 
Jacks, I. T. 


ICELAND 


REYKJAVIK 
Halldorsson, G. 


ITALY 
IVREA 
Olivetti, A 
MILAN 
Jervis, T. J. 
ROME 
Perrone, P. 


NETHERLANDS 


DELFT 
Dresden, D 
HAARLEM 
de Stoppelaar, L. P. 


NORWAY 


BREVIK 
Holter, A. 
OSLO 
Firing, W. 


SKOTBU 
Lobben, P. 


SCOTLAND 


ALLOA 
Clackmannon 
Macnee, C. M. 
BRIDGE OF WEIR 
Renfrew 
Mellanby, A. L. 
CLYDEBANK 
Dunbarton 
Pigott, S. J. 
EDINBURGH 
Midlothian 


Anderson, A. 
Douglas, J. 
Partridge, H. E. 


GLASGOW 
Lanark 


Burke, N. 
Davies, A. W. 


Rooste, E. E. 
Warner, L, T. 
JAVA 


BATAVIA 
Mans, F. J. 


NEW ZEALAND 


CHRISTCHURCH 


O’Hagan, R. S. 
Steele, S 


Fleming, J. T. 
Orenstein, H 


Weir, The Rt. “Hon. 
Viscount 
Yarrow, H. E. 


JOHNSTONE 
Lanark 
Lang, J. B. 


PAISLEY 
Renfrew 


SWEDEN 
BORAS 
Engblom, A. N. 


FINSPANG 
Wiberg, O. A. 


NORRKGPING 
Flater, H. 


STOCKHOLM 


Carlson, A. F. 
Lindhagen, M. T. 


‘ VASTERAS 
Hansson, A. S. 


SWITZERLAND _ 
MaleA Abeta ee 
BADEN 

Meyer, A. 
BERNE 


Weyher, T. A. 
Zuberbiihler, P. 


GENEVA 
Schmid, W. E. 


WINTERTHUR 
Buchi, A. J. 


TURKEY 


Taney, A. R. 


ERBAA 
Ayasun, N. 


ISTANBUL 


U. 8. S. RB. 


LENINGRAD 
Kousmin, S. I. 


MOSCOW 
Rybkin, I. Z. 


PHILIPPINE 
ISLANDS 


MANILA 


Strauss, J. G. 


ADDRESS 
UNKNOWN 


de Arozarena, R. M. 
Greene, I. 
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The Design of Mechanical Auxiliaries 
for TVA Hydroelectric Plants 


By H. J. PETERSEN,! KNOXVILLE, TENN. 


Sixteen hydroelectric power plants have been designed 
by the Tennessee Valley Authority during the past ten 
years. Changes and improvements have been incorpo- 
rated in each successive design, as a result of experience 


gained in operation of each plant. This applies particu- 


- Jarly to mechanical auxiliaries involved. Itis this phase of 


the design which is treated in the present paper, specific 
reasons being given for adoption of the particular auxil- 
jaries discussed. 


URING the past decade the Tennessee Valley Authority 
D has designed sixteen hydroelectric power plants which 
include almost every type of plant except those using 
Pelton wheels. These plants were all designed by essentially the 
same organization, which resulted in a succession of improved de- 
signs as experiences gained in the earlier plants were incorpo- 
rated in the designs of the later plants. This is especially true in 
the case of the mechanical auxiliaries since considerable latitude 
is permitted in the design of these systems. Consequently, it 
has been possible to standardize on a good many features of these 
auxiliaries which have proved themselves in service. 

This paper will discuss the design of the various mechanical 
auxiliaries for hydroelectric power plants as developed by the 
Authority, outlining the reasons establishing the designs adopted. 
It is expected that these designs will be superseded by later and 
better designs as operating experiences and improved techniques 
dictate. It is not intended that this paper shall represent a com- 
prehensive treatise on hydroelectric power-plant piping and 
auxiliaries, as these subjects are well handled in numerous text- 
books and manuals; however, the scope of this discussion makes 
it desirable to complement the specific references to TVA design 
with a review of certain related principles which the author con- 
siders good general piping practice. 

In general, the term “mechanical auxiliaries” includes those 
systems usually consisting of one or more machines connected by 
piping to the main prime movers to aid them in their proper 
functioning, or other systems distributed throughout the power- 
house for services such as water, air, drainage, and so forth. Be- 
cause they occupy relatively small spaces and usually are lo- 
cated in out-of-the-way places in the powerhouse, these systems 
sometimes do not receive their full share of attention and may be 
slighted in the design. In almost all cases they are vital to suc- 
cessful and economical operation, and thought given to their 
design in the preliminary stages will pay dividends in the long 
run in the trouble-free operation of the plant. 

However, the amount of time and effort spent in the design of 
these features should be justified by the results required. Elabo- 
rate calculations and long and complicated empirical and theo- 
retical formulas should be resorted to only when the results pre- 
scribed make their use unavoidable. Only a novice will carry out 
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a computation to two or three decimals when a lesser number of 
significant figures will suffice, An experienced designer is aware 
of this and has available a number of charts, tables, and curves, 
from which he is able to pick certain approximate values which 
facilitate his design. Also, a practical designer will always main- 
tain a close liaison with the department that will operate the 
plant in order to ascertain its likes and dislikes in the matter of 
machinery and equipment. Many times that department, be- 
cause of its operating experiences, can make worth-while con- 
tributions to the design. 


GENERAL CONSIDERATIONS 


Before reviewing the design of the individual systems, several 
features common to all systems and on which generalizations may 
be made will be discussed. 

Piping. The fundamental requirement for any piping system 
is that it shall be functionally correct. All valves and items of 
equipment should be in proper relation to each other, so that the 
system operates in the most efficient manner possible. 

The best way to obtain this result is by making a valve-opera- 
tion diagram. Fig. 1 is such a diagram for a governor and lubri- 
cating-oil system at one of the Authority’s plants. It will be 
noted that this diagram outlines the entire system, including all 
valves, equipment, and machinery. From this it is an easy mat- 
ter to check the over-all design of the system from a functional 
standpoint. This diagram, made in sketch form before any draw- 
ings are begun, serves as a guide to the draftsman in making 
the detailed drawings. When made into a final drawing, it has the 
further purpose of aiding the field erection forces in the installa- 
tion of the piping, and finally it enables the operators to visualize 
the system as a unit which promotes more efficient operation. 
Each valve on each system is marked with an aluminum tag de- 
scribing its function (see Fig. 2). Tags A, B, and C.are attached 
to the valve handwheels underneath the nut, while tag D is at- _ 
tached to the valve-bonnet bolt, to the valve stem, or to the oper- 
ating chain. Each valve is numbered according to a standard 
system, and an experienced operator can tell the relative location 
of a valve in the piping system by its number. The symbols 
shown on this drawing for the various kinds of valves and items 
of equipment are standard for the diagrams for all plants. 

During the preliminary stages of the design of the powerhouse, 
adequate consideration should be given to the physical location 
of the pipe lines. It is absolutely essential that all the various 
systems be considered as a group in order to lay out the space 
requirements properly. . Close co-ordination between the piping 
designer, the architect, and the concrete designer is essential at 
this stage of the design in order to insure proper space for pipe 
galleries, tunnels, and riser shafts. 

Fig. 3 shows a gallery containing a number of piping systems. 
It will be noted that the gallery is of ample size, that all the pipes 
are racked along the wall parallel to the building lines, and that 
they provide adequate headroom. As a contrast, one of the 
earlier designs showing the piping around the top of a shaft is 
illustrated in Fig. 4. Note the pipe at angles to building walls, 
the inaccessibility of valves, some valves upside down, and the 
general appearance of having been designed one system at a time 
instead of as a group. The improvement in’ the oil piping shown 
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in Fig. 6, over that shown in Fig. 5, is evident. Fig. 5 has large 
radii bends combined with welding fittings, pipes crossing each 
other at angles, pipe in more than one plane, and a multiplicity 
of valves and piping. 

By locating the equipment closer to the walls and by using 
three-way cocks, as shown in Fig. 6 for a similar system in a 
later powerhouse, it was possible to eliminate many valves 
and some of the piping. The use of welding fittings throughout and 
the uniform spacing of the headers result in a piping design which 
places the accent on simplicity and good appearance as well as 
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functionalism., The choice of the operator between these two de- 
signs is obvious. 

The greatest part of the steel pipe used by the Authority for 
hydroelectric plants is purchased under A.S.T'.M, Specification A 
120, standard weight (ASA-B36.10). For certain pipe assemblies 
where considerable bending or coiling of the pipe is necessary, the 
pipe is specified as A.S.T.M.-A53, Grade A, Wrought-iron pipe 
is purchased under A.8.T.M. Specification A72, All cast-iron 
pipe is bell and spigot centrifugally cast, with class depending 
upon the pressure. Cast-iron pipe for pressure lines is purchased 
cement-lined, as it may be had at little or no increase in price, 
and experience has proved that it is much more resistant to 
tuberculation. Cast-iron pipe is purchased in 16- or 18-ft lengths, 
depending upon the supplier. Shorter lengths are seldom used 
because of the added calking expense. 

In some of the larger-size mains, it has proved advantageous 
to use spiral-welded pipe. This is especially true in drainage 
lines embedded in concrete where the cost of steel or cast-iron 
pipe would not be justified. Steel pipe is purchased in random 
lengths with ends threaded and coupled, or beveled for welding, 
as the case may be, We find that it is cheaper to weld pipes 4 in, 
and larger than to use screwed flanges. It also saves time and 
expense to have complicated welding pipe assemblies shop- 
welded into subassemblies which are then welded together in the 
field, 

The Authority makes single-line detailed construction drawings 
for piping systems using pipe 2 in. and ‘smaller and for large 
scale yard piping of all sizes. They can be made much faster 
and, except in some congested areas, they give a satisfactory 
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physical picture. Any congosted areas are developed either 
with standard double-line drawings or by isometric projection, 
Duplication of views, notations, dimensions, and mark numbers 
are avoided as they add to the design expense and increase the 
chances for error, 

Where lines lead directly to headwater or tail water, heavier 
construction is used up to the first valve to guard against possible 
breakage. A special connection is used where embedded lines 
emerge from the concrete in the various gallorios, In smaller 
lines a serewed coupling is placed flush with the face of the con- 
crete wall; this permits ready replacement in case of breakage in 
the line. In larger steel lines a standard cast-iron sleeve is 
placed flush with the concrete wall, and the exposed pipe 
is calked therein. Cast-iron lines emerging from concrete are 
placed with the end of a bell flush with the face of the wall, 

Pipes passing through walls and floors are sleeved, with sleeves 
in floors extending 1 in. above the floor to permit floor washing 
without water spilling to the room below, Black stecl pipe is 
used for sleeves, except where rust action would prove objectiona- 
blo, in which case galvanized sleoves are used, Piping systoms 
are provided with drains at the low points to facilitate repairs and 
to drain water lines which are subject to freezing, A good de- 
signer always provides a closure piece in a piping system between 
two pieces of equipment where there are intervening flanged 
fittings or valves, instead of dosigning the system fitting to fitting, 
This is necessary because fittings and valves seldom are furnished 
to exact dimensions, and the closure piece takes up the inaccu- 
racies in dimensions, Pipe lines are arranged to provide adequate 
access to machinery for inspection and repair, and to permit the 
romoval of equipment without the necessity of dismantling large 
sections of piping. Tig. 6 is a good example of this, 

It is of prime importance in the design of a piping system to 
provide for the maximum ultimate requirements, This is es- 
pecially true in trunk lines for water-supply mains and plumbing 
waste lines, Our experience has been that as a project develops, 
more and more demand is placed upon these two systems, A 
liberal estimate of ultimate requirements is the best insurance 
against insufficient capacity in the future, 

Next in importance to functionalism in a piping system is that 
the design shall be economical. This factor involves the proper 
solection of the material, type, and size of the various pipe, valves, 
and equipment. It is compounded from a great many olementa, 
some of the more important of which are (1) expected life versus 
cost, (2) higher pumping costs because of reduced sizes 
versus smaller initial investment, and (3) increased operating con- 
veniences and reduced maintenance expense versus the added cost, 
for obtaining these features. If these three points are carefully 
evaluated in the design of each aystom, it is fairly certain that an 
economical design will result, 

From past experience and from technical data on the subject, 
the expected life of a pipe or valve may be closely estimated, 
Obviously, the longor life is more desirable, but it is necessary for 
the designer to balance the extra years of service against the 
added cost necessary to obtain it. 

The size of each pipe line, once the maximum flow is estab- 
lished, is almost entirely a function of the pressure drop due to 
friction in the line, It is necessary to investigate each line for 
head loss, using the friction characteristics for the fluid carried, 
Sizes of equipment connections should never be construed as in- 
dicative of propor pipe size. In most cases the size of pipe mains 
for water systems is dictated by the flow necessary for fire pro- 
tection, In evaluating pumping costs and pipe sizes, it must be 
remembered that station power is cheap in a hydro plant. On the 
other hand, most of the added cost of a larger-size pipe is the ma- 
terial itself, since the labor of installing each-size line is prac- 
tically the same. It is advisable not to have too many different 
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sizes and kinds of pipe in a plant since this requires a larger stock 
of replacement parts for valves and specialties. 

The amount of money that should be spent for operating con- 
veniences and reduced maintenance is largely determined by ex- 
perience and judgment. A good many operating conveniences 
may be had without extra cost if the systems are properly de- 
signed. Valves should be located so that their purpose is apparent 
at a glance, and they should be accessible, especially those re- 
quired in an emergency, using chain wheels where necessary. 
There should be sufficient unions in screwed lines to facilitate 
disassembly. All waste and drain lines, especially those buried 
in concrete, should have cleanouts at strategie points. The 
practice of burying plumbing or other piping in walls should 
be avoided; it is much better to provide access corridors behind 
the fixtures for service and maintenance. 

Valves. The function of a valve in a piping system is either to 
regulate the flow of the fluid in the line or to sectionalize a piece 
of equipment or part of the system. Globe valves are used for the 
first function and gate valves for the second. Since most of the 
valves in hydro plants require only infrequent operation and are 
seldom used for throttling service, gate valves are used in the 
majority of cases. Globe valves are used on by-passes around 
special valves and regulators with a gate valve on either side of 
the equipment by-passed. 

The Authority prefers a rising-stem valve to a nonrising-stem 
valve because the position of the stem indicates the position of 
the disk and because the stem threads are not in contact with the 
fluid. The O.S.&Y. type of rising-stem valve has the further ad- 
vantage that the stem threads are outside the valve when open, 
making it possible to examine and lubricate them with the valve 
in service. The additional headroom which is required for 
the rising-stem valve over a nonrising-stem valve is of small 
importance. 

Globe valves usually are purchased with plug-type disks be- 
cause that type of disk gives excellent throttling service, has 
great resistance to wear, and is easily repaired. The so-called 
composition disk has not proved as satisfactory for throttling 
and wears out quickly. Gate valves 2 in. and larger usually are 
purchased with double disks, and smaller than 2 in. with wedge 
disks. A double-disk valve gives a tighter shutoff and is more 
easily repaired in the field. Sometimes a larger-size wedge-disk 
valve is used when it is impossible to install the valve with the 
stem up. In this position the disk of the double-disk valve is 
liable to jam. Gate valves smaller than 2 in. are purchased with 
wedge disks because, in our opinion, the various parts in a double- 
disk valve in those sizes are too small. 

Valves 2 in. and smaller, both gate and globe, usually are pur- 
chased all brass because the extra cost involved is nominal. 
Larger valves are purchased iron body, bronze-mounted. The 
use of cleanouts in valve bodies has not been found necessary, nor 
has it been necessary to specify air-tested valves. Pressures en- 
countered in hydroelectric plants seldom call for by-passes around 
valves, although at times it has been necessary to provide gearing 
for the larger-size valves. This, of course, is a function of the 
pressure on the valve and is investigated for each condition. 
Larger valves which require fast operation, or are remotely con- 
trolled, are fitted with motor operators. 

Check valves are used on the discharge of pumps and at all 
other places where it,is imperative to prevent backflow of the 
fluid. Swing-chéck valves are preferred, but in some cases lift- 
check valves are used, especially for upward flow. A balanced- 
disk or spring-loaded check valve is used to prevent slamming and 
excessive surges in the higher-head lines. 

Bolts and Gaskets. Flange bolts are purchased under A.S.T.M. 
Specification A 107, with regular unfinishedsquareheads and heavy 
unfinished hexagon nuts, In rare cases where the bolts are in- 
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accessible and subject to excessive corrosion, such as for fastening 
inlet gratings to the upstream face of a dam, stainless-steel bolts 
are used. The thinnest possible gasket consistent with the rough- 
ness of the flange, is used, with no gaskets over '/,;,in. Ring gas- 
kets are used in preference to full-face gaskets as they make a 
tighter joint. 

Hangers, Supports, and Expansion Joints. In a well-designed 
piping system the weight of the pipe and its contents are always 
supported so that no stresses are transmitted to any of the valves 
or machinery. The stresses introduced in equipment in this man- 
ner, coupled with vibration, may eventually break the casting of | 
a pump or valve. Standard commercial hangers are used where 
possible, as they are cheaper than designing special hangers for 
individual applications. 

While the temperatures encountered in hydro-plant piping 
systems do not givé rise to many expansion problems, the long 
lengths of the lines in a multiunit plant do call for some expansion 
design. The Authority uses pipe bends and offsets, where pos- 
sible, in preference to guided slip joints with packing boxes. 
Sometimes, where vibration is coupled with expansion in a pipe 
line, a corrugated type of joint is used. 

Painting. All piping systems of the Authority,‘including all 
insulation, are painted for appearance, protection, and identifica- 
tion, in accordance with a standard color code. Each system has 
its own color, and this standard is maintained throughout all the 
plants. The whole system is first painted with an aluminum 
paint, and identification is obtained by painting the periphery of 
flanges or by painting an occasional screwed elbow or tee, as the 
case may be, with the color of that particular system. If the 
length of line between these identification points is long, a narrow 
band is painted around the pipe at intervals. Arrows are some- 
times painted on pipe lines where the direction of flow is not evi- 
dent at a glance. : 

Control Valves. Control valves are used by the Authority in 
hydro plants for pressure regulating, temperature regulating, 
pressure relief, and maintaining liquid level. Pressure-regulating 
valves are used for reducing the water pressure to generator air 
and oil coolers, turbine oil coolers and runner seals, air-condition- 
ing equipment, air-compressor jackets and aftercoolers, and gen- 
eral plant services. Where the pressure drop is low direct- 
operated spring-loaded diaphragm valves are installed, while 
pilot-operated valves are used for high-pressure drop. The pilot- 
operated valves are of the hydraulic or pneumatic type. The 
pneumatic type has proved more satisfactory for use on raw river 
water, as trouble has been experienced with the hydraulic type 
owing to fouling of the pilot valves, necessitating the installation 
of strainers in the pilot lines. We have found that filters installed 
in the air lines ahead of pneumatic valves are a good investment. 
Small valves and valves used for dead-end service are single- 
seated, while large valves are double-seated. A pressure gage is 
always installed on either side of a reducing station. 

The sizing of pressure-regulating valves for hydro plants pre- 
sents a problem because of varying headwater elevations. Since 
the valves must pass the required amount of water under any head 
condition, a valve large enough under low headwater may be too 
large under maximum headwater levels. Likewise a regulating 
valve on plant service sometimes must also be used for fire protec- 
tion. This means that water requirements must be estimated 
very closely, and valves must be selected which have characteris- 
tics best suited for their particular service. 

Two types of temperature-regulating valves are used, i.e., 
solenoid and motor-operated from a thermostatic element. 
Solenoid valves are used on air-compressor jackets and similar. 
services to control cooling water so as to prevent flow and con- 
densation when the service is intermittent. Motor-operated 
valves, actuated from thermostatic elements, are used on air- 
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conditioning equipment and to control the cooling water to gener- 
ator air coolers in remotely controlled plants. 

Both spring-loaded hydraulic relief valves and diaphragm back- 
pressure valves have been used after pressure-regulating valves. 
Spring-loaded hydraulic relief valves are used in the small sizes 
and where the comparatively wide relief range is not objectiona- 
ble. Diaphragm back-pressure valves have proved more satis- 
factory for large sizes and where close control is required. Relief 
valves are sized to pass the total amount of water which the 
pressure-regulating valve will pass under highest head conditions. 

Level controls are used in open tanks and station drainage 
sumps, and for depressing tail water in the draft tube when units 
are motored. The types used are: the ordinary balanced float 
valve to maintain a constant level in an open tank from a pressure 
main, float-operated mercury switches and cam-type float 
switches to start and stop pumps, and diaphragm valves actu- 
ated by float-operated pilots and compressed air to depress tail 
water in the draft tube when units are motored for condenser op- 
eration. 

Motors. All machinery in the hydro plants of the Authority is 
driven by electric motors because of the availability of a reliable 
power supply and because of the dependability of the modern 
motor and its simplicity of control. 

Motors driving station auxiliaries are general-purpose, 
N.E.M.A. standard, with class A insulation, Motors driving 
constant-speed equipment, such as pumps, compressors, and 
ventilating fans, are squirrel-cage induction type with normal 
torque and starting current; those for variable speed and torque, 
such as cranes and hoists, are wound-rotor slip-ring type. Inte- 
gral-horsepower-size motors are rated 440 volts, 3 phase, 60 cycles. 
No auxiliaries require motors large enough to make voltages above 
440 economical. Fractional-horsepower sizes are 110 or 220 volt 
single phase. A few auxiliaries, such as emergency turbine guide- 
bearing, lubricating-oil pumps, and important valves, are provided 

ewith 250-volt d-c motors operated from the station service 
batteries. 

Motors in locations where windings might become damaged by 
water or oil are provided with moistureproof insulation and 
splashproof or dripproof frames; others have open frames. In 
very damp locations it has been found necessary to apply strip- 
type heaters or to circulate a small amount of current through the 
motor coils to avoid sweating while the motors are shut down. 

Controls are centralized on auxiliary-power switchboards for 
groups of related equipment. Hach motor circuit contains a 
manually operated disconnecting switch, a set of fuses as protec- 
tion against short circuit, and a magnetic contactor for f ull-volt- 
age starting and thermal overload protection. Push-button 
stations for manual control generally are located at or near the 
motors. Motors under automatic control also have a push button 
which provides manual control for inspection. Power supply is 
sufficiently duplicated to assure continuous operation of auxilia- 
ries during usual maintenance and under any reasonable fault 
conditions. 


INDIVIDUAL SysTEeMs 


Compressed Air. Compressed air is used in the hydro plants 
of the Authority for operating pneumatic tools, for generator 
brakes, for pneumatically operated regulating valves, for de- 
pressing tail water below the runners for synchronous-condenser 
operation in those plants where tail water level is normally above 
the runner, and in one plant (Kentucky) for preventing the for- 
mation of ice on the spillway gates. 

Pneumatic tools operate most efficiently using air at 80 to 
100 psi, and since the other uses for compressed air require pres- 
sures of less than this, 100 psi has been adopted as a standard 
pressure for the compressors. One stationary 105-cfm compressor 
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has been found to have sufficient capacity for all normal plant 
needs in all plants except Kentucky. ‘This is supplemented by a 
portable machine of approximately 100-cfm capacity at each 
plant which is used when major repair work requires additional 
air capacity. 

The Authority has standardized on a horizontal, crosshead 
type, double-acting, water-cooled, 325-rpm, V-belt-driven, single- 
stage compressor for the stationary machine. Its low rotative 
speed and low bearing loads, together with its all-round rugged 
construction, make it a most dependable machine, capable of giv- 
ing continuous service over a period of many years with very little 
maintenance. Dual control is used with these compressors. ‘This 
control can be set to operate the compressor continuously when 
there is a steady demand for air, or it can be set to start and 
stop the compressor automatically when the demand for air is 
intermittent. The latter control is the one normally used, with 
the motor being operated by a pressure switch on the receiving 
tank. All compressors unload to atmosphere to prevent starting, 
the motors under load. 

The portable compressor is an air-cooled, single-acting, 2-stage, 
motor-driven machine complete with intercooler, air receiver, 
wheeled truck, and all standard accessories. The motor is con- 
trolled by a magnetic starter and push-button station mounted on 
the machine. The compressor is motor-driven because electrical 
outlets are provided throughout each plant area which make 
it possible to use the compressor either in isolated locations, such 
as up on the roadway crossing the dam, or in the powerhouse to 
supplement the stationary machine. 

A water-cooled aftercooler is always used after single-stage 
compression to remove the excess moisture in the air before it 
condenses in the distribution system. An “air through the tubes” 
type of aftercooler with moisture receiver at one end is installed 
in the discharge piping. The small amount of moisture and oil 
from the compressor cylinder carried over to the distribution line 
is removed by traps. These traps are placed at low points in the 
line for gravity drainage. 

An air receiver is placed in the discharge line after the after- 
cooler to damp the pulsations of the reciprocating compressor 
and to provide storage of compressed air when the peak demand is 
greater than the capacity of the compressor. Since the air cools 
in a receiver, its dew point is lowered and additional condensation 
takes place, which is removed by a blowoff or a trap. Because 
air is compressible, the damage resulting from a ruptured receiver 
is likely to be severe; consequently, the Authority always speci- 
fies that the tank shall be fabricated in accordance with the 
A.S.M.E. Code for Unfired Pressure Vessels. 

Certain features of design are observed in the layout of the 
compressed-air system; some of these are essential and others 
are desirable. The air intake is connected to outside air whenever 
possible and fitted with a filter. When this is not feasible, the 
compressor is located in the lower levels of the substructure where 
the air is relatively cool and clean, A valve is never placed in the 
discharge line between compressor and receiver without an inter- 
vening safety valve. All air-hose connections are made at the 
tops of headers to prevent picking up moisture. Cooling water is 
discharged through an open funnel so that it may be. tested for 
temperature by fecling. The Authority uses black steel unin- 
sulated pipe for air lines. Internal corrosion from condensate 
has not evidenced itself up to the present time. 

The use of air for depressing tail water below the runner? and 
for protection against ice at spillway gates’ has been fully de- 

2Wydraulic Turbine Practice of the TVA,” by I. J. Petersen and 
J. ¥. Roberts, Mechanical Engineering, vol. 65, 1948, pp. 237-244. 

2“Kentucky Dam Project of TVA, Part II,” by C. L. Norris and 
R. M. Gardner, Power Plant Engineering, vol. 49, March, 1945, pp. 
79-81. 
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scribed in other articles and will be omitted from this paper. 

Governor and Lubricating Oil. The Authority uses the same 
oil for the governor pressure system and for the lubrication of the 
generator thrust bearing. Some difference of opinion between 
the governor and generator manufacturers has arisen lately over 
the viscosity of this oil. The generator manufacturers prefer an 
oil with a viscosity in excess of 300 S.S.U. at 100 F, while the 
governor manufacturers prefer this viscosity to be around 250 
§.8.U. at 100 F. In order to avoid the necessity of two separate 
oil systems, oil with a viscosity of 300 S8.S.U. at 100 F will be pur- 
chased in the future. 

We have found that purifying oil by centrifugal force is satis- 
factory and economical, and we have standardized on that type 
of machine. A self-contained and enclosed stationary 350-gph 
unit, complete with centrifuge, motor, pump, electric heaters, 
temperature control, and all standard accessories, is purchased 
for each plant. In the early stages of the Tennessee Valley Au- 
thority program consideration was given to the use of a portable 
machine which could be transported to individual plants as re- 
quired. A central purifying depot, where oil from all plants could 
be shipped for processing, was also considered. These were both 
ruled out because of operating inconveniences involved and be- 
cause the cost of a purifying system is a very small percentage of 
the total cost of each plant. 

Two tanks are provided for each project, one for clean oil and 
one for dirty oil. Each tank has sufficient storage for the oil in 
one unit thrust bearing, plus the oil in one governor system, plus 
a few hundred gallons of extra capacity. When space permits, 
these tanks are located in the powerhouse adjacent to the oil- 
purification room. In plants where no space is available the 
tanks are buried in the fill outside the powerhouse wall. Tanks 
placed in this manner are designed with an extra 1/1. in. of metal 
to allow for corrosion. In either case the storage tanks are always 
located so that they may be filled by gravity from the ground 
level and still provide a positive head on the pumps. 

One clean-oil pump and one dirty-oil pump are furnished for 
each powerhouse. The pumps are standard positive-displacement 
type with built-in relief valves and are rated 30 gpm when pump- 
ing oil at 50 F. A complete piping system is installed at each 
plant between the units and the purification facilities. The 
Authority uses black steel, scale-free uninsulated pipe for these 
oil lines. Experience has proved that it is difficult to prevent 
leaks in piping using screwed malleable fittings, especially when 
the oil is hot, as around the centrifuge. Consequently welded 
joints are used throughout, except at valves and unions, with 
forged-steel socket welding fittings used for sizes 2 in. and smaller. 
Oil-resistant gaskets are used when it is necessary to use 
flanges. No matter how well a pipe line is cleaned, there will 
always be scale and welding particles carried along in the oil, 
especially when starting the system. For this reason a filter is 
installed in the line leading to each unit and a standard Y-type 
strainer with !/3:-in. perforations is used on each pump suction. 
These filters have 0.005-in. openings through metal slots and are 
equipped with built-in knife-blade cleaners. 

Insulating Oil. Because of its different characteristics from 
lubricating oil, a separate oil-purification system is installed in 
each plant for the insulating oil used in the transformers, circuit 
breakers, and other oil-filled electrical equipment. The same 
type of machine is used as just described, but because of the 
larger volumes handled, its capacity is increased to 600 gph. A 
filter press which raises the purifying capacity to 900 gph is 
added to this machine to reniove the colloidal carbon from the oil. 

One clean- and one dirty-oil pump are installed in each plant. 
They are of the same type as the pumps for the lubricating-oil 
system, with the capacities increased to 100 gpm each. At some 
plants it is possible to return the dirty oil from the switchyard 
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to the storage and purification rooms by gravity, and no dirty-oil 
pump is supplied. One clean-oil tank, one- dirty-breaker-oil 
tank, and two dirty-transformer-oil tanks are provided at each 
plant. In this way the breaker oil and transformer oil are never 
mixed after they once have been used. Tach of the circuit- 
breaker-oil tanks (clean and dirty) has storage capacity for one 
breaker, and the two dirty-oil transformer tanks have a total 
storage capacity for one transformer. 

The same comments apply for the piping as for lubricating oil, 
except that black wrought iron is used for underground lines in 
the switchyard. The supply and return lines in the switchyard 
are not permanently connected to the transformers and breakers; 
instead, a valve is located in each line near the equipment and a 
flexible hose is used when filling or draining is necessary. This 
hose has a specially treated synthetic-rubber lining and is equipped 
with a flexible ball-joint fitting to facilitate attachment to the 
service valve. Because the oil is changed at infrequent intervals 
we find this arrangement entirely satisfactory. 

Runner-Hub Oil. In the main river plants which have Kaplan 
turbines the runner hub is filled with a heavy oil for lubricating 
the internal blade-operating mechanism. This oil has a viscosity 
of approximately 1700 S.S.U. at 100 F. Whenever the runner is 
dismantled for inspection or repair, it is necessary to remove this 
oil, and since there are approximately 1500 gal of oili in each hub, 
the Authority salvages it for re-use. 

A black steel pipe header is installed in the access gallery lo- 
cated below the units in each plant. Branch headers lead from 
this line to the draft-tube access doors of each unit, and connec- 
tion to the hub is made with a flexible hose. An 8-gpm motor- 
driven screw-type portable pump and two portable storage tanks 
are provided for transporting and storing the oil during the dis- 
mantling of the unit. Because of the infrequency of this opera- 
tion, the storage tanks and the pump were made portable so that 
they may be transferred from plant to plant as required. Two 
storage tanks were supplied to reduce the volume of each tank toe 
facilitate handling. 

Raw Water. Raw water is used in the Authority’s plants for 
cooling water for the main generators, for the air compressors, 
and for the air-conditioning equipment, and in some plants for 
fire protection, for lubricating the turbine guide bearing, and 
for supplying make-up for the treated-water system. 

In the low-head plants water is taken from the scroll case of 
each unit and pumped through a multiple basket strainer having 
3/,.-in. openings to a header leading to the station system. One 
pump is located at each unit to insure a positive cooling-water 
supply, and a stand-by pump is installed in the service bay of each 
plant. This latter pump is connected to the forebay by a separate 
intake and can supply any unit with cooling water in an emer- 
gency. All the pumps are connected into a header running the 


‘length of the powerhouse so that the chances of any one unit being 


without cooling water are remote. 

The pumps are horizontally split-case, double-suction, single- 
stage, volute-type centrifugal units. Specifications include en- 
closed bronze impeller with wearing rings, bronze shaft sleeves 
through the stuffing box, water-seal piping, and deep stuffing 
boxes. Experience has proved that this type of pump will give 
years of service with little maintenance except occasional repack- 
ing or lubrication of the bearings. A booster pump is installed 
in each plant service system using raw water where the forebay 
pressure is insufficient for a gravity supply. Sometimes the oper- 
ating requirements of two or more of these systems make it pos- 
sible to supply them with water from one pump. Quantities in- 
volved are usually low, and single-stage single-suction pumps are 
used. The Authority has found the close-coupled type of pun 
very satisfactory for this service. 

In the high-head plants a separate intake from each unit pen- 
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stock is connected to a central manifold from which the individual 
systems are supplied, with pressure-reducing valves installed as 
required. An air-cushion chamber is installed on the manifold to 
absorb the water hammer caused by the operation of the system. 
When the raw-water system supplies the make-up for the treated- 
water system, intakes at different levels are provided in the dam 
to enable the operator to take advantage of the varying water 
temperatures, turbidities, and chemical contents of the lake 
water at different levels. 

The Authority uses black steel pipe for exposed raw-water 
piping, except that galvanized steel is sometimes used in the 
smaller sizes. Welded joints are used, except that flanged joints 
are used around equipment and valves. Gaskets are /,¢-in. red 
rubber. Raw-water lines buried in the ground are cast iron, bell 
and spigot, in accordance with standard waterworks practice. 
Black wrought-iron pipe is used for buried lines in sizes 17/2 in. 
and smaller, for sprinkler and general yard service. 

Lines are insulated in locations where sweating of the cold pipe 
would prove objectionable. Standard commercial insulating felt 
molded in 3-ft lengths and covered with 8-oz canvas jacket is 
used for straight runs of pipe. Fittings and irregular surfaces are 
covered with a layer of hair felt sealed with a waterproof-tape 
wrapping and a coating of asphaltic sealing compound. Insula- 
tion of 1 in. thickness has been found sufficient to prevent sweat- 
ing for the water temperatures and air humidities encountered in 
the low-head hydro plants, but 1'/2 in. of insulation is necessary 
in the high-head plants because of the colder water. Regranu- 
lated cork has been used in some instances to prevent sweating, 
but unless it is applied very carefully and built up to a thickness 
of 1/, in. or more, it is not as satisfactory as hair felt. This is 
especially true in the high-head plants where water temperatures 
sometimes go as low as 36 F. Raw-water lines subject to freezing 
temperatures are insulated with built-up hair felt. The required 
thickness is a function of the temperatures encountered and the 
amount of water passing through the line and is investigated for 
each condition. 

Treated Water. Treated water is used in the various hydro 
plants for all sanitary services, and in some plants for fire protec- 
tion. Whenever possible the Authority obtains its treated water 
from a near-by community, even if this involves laying a mile or 
two of transmission main. We have found it to be more economi- 
cal to purchase water in this manner than to install a treating 
system in the plant, requiring the services of an operator. How- 
ever, it has been necessary to install water-treating systems in 
most of the projects because of their isolated locations. 

At some projects the plant operators live close at hand and 
use water from the system. This increases the required capacity 
to the point where a conventional rapid sand gravity filter plant, 
with mixing chamber, coagulation basin, dry-chemical feeders, 
and chlorinator is justified. The water treated in this area is such 
that alum and soda ash or lime are the reagents used. At some of 
the projects the demand is 10 gpm or less, and pressure filter 
plants are installed. Originally, pot feeders actuated by differen- 
tial flow across the orifices were installed for chemical feeding in 
the pressure filter plants, but our experience with them has not 
been satisfactory, and they have been replaced with solution- 
feeder pumps. Pot feeders are difficult to keep regulated, es- 
pecially when the temperature of the water supply varies consid- 
erably as it does with intermittent use. 

System pressure is obtained by using elevated storage tanks 
which usually are transferred from the construction activities at 
the project. At some of the high-head plants, where such a tank 
was not available and where raw water for fire protection could 
be obtained from pond storage, a pneumatic tank was installed for 
the treated-water system pressure. However, the controls 
for these tanks require a great deal of attention to keep them in 


proper working order, and an elevated storage tank is much pre- 
ferred for this service. 

The foregoing comments for pumps, piping, and insulation of 
the raw-water system apply to the treated-water system also 
except that in the latter case more galvanized-steel pipe is used. 

Fire Protection. Raw water is used for fire protection in all 
plants where the minimum lake level provides sufficient pressure. 
The Authority has adopted 40 psi at the hose nozzle as the mini- 
mum pressure for this service, but a pressure of 60 to 70 psi is pre- 
ferred and is used when obtainable. In plants where this pres- 
sure is not obtained, fire protection is obtained from the treated- 
water system or by means of a booster pump. 

Fire-hose racks containing 50 ft of 11/2-in. unlined linen hose 
with cast-brass nozzles are located throughout each powerhouse 
at strategie points for inside fire protection. Standard 4-in. 
A.W.W.A. fire hydrants, fitted with two 2!/2-in. nozzles, are lo- 
cated throughout the plant area and switchyard. A fire-hose 
cart equipped with a reel and three 50-ft lengths of 21/,-in. 
double-jacketed, flat-cured, cotton, rubber-lined hose with 
rocker-lug couplings is provided for switchyard fire protection. 
This is supplemented by a wheeled cart containing two 100-lb 
cylinders of CO,. National standard fire-hose threads are used 
for the 2/2-in. hose and standard-iron-pipe threads for the 11/2 
in. hose. Standard underwriters’ play pipes are provided for out- 
door fires, except that for electrical fires a nozzle is used which 
atomizes the water spray to the point where it will not conduct 
electricity. 

Considerations were given to installing built-in fire-protection 
systems, using either water or COs, in the switchyards. These 
were ruled out because the remote possibility of these fires would 
not justify the cost of the installation. Sometimes transformers 
are installed very close to the powerhouse, as on the draft-tube 
deck. In such cases a fire might cause considerable damage, and 
built-in water systems, using fog nozzles, are installed. These 
systems are set off either manually by remote control, auto- 
matically by thermostats, or by the tripping of the transformer 
differential relay which is actuated by a short circuit in the trans- 
former. 

Carbon Dioxide. In addition to water fire protection, a com- 
plete CO, system is provided for each plant. This system pro- 
tects the main generators, the oil-purification room, and the oil- 
storage rooms. The CO; system is designed in accordance with 
the standards of the National Board of Fire Underwriters for 
class A systems, which calls for total flooding of enclosed spaces. 

A central supply of 50-lb storage cylinders sufficient to provide 
the gas concentration for one generator called for by the stand- 
ards mentioned, is connected to all the generators by a complete 
piping system. This system is energized either manually by re- 
mote control or automatically by thermostats located in each 
generator. A separate system of cylinders and piping is provided 
for the oil-purification and storage rooms. It is controlled either 
manually or by thermostats in the room being protected. When 
this system trips off, all doors and openings automatically close 
to confine the gas, and pumps, ventilating fans, and other moving 
equipment shut down. The gas-discharge nozzles in an oil-puri- 
fication room for one plant may be seen in Fig. 6. Portable con- 
tainers of carbon dioxide in the 4- and 15-lb sizes are located at 
various points throughout the powerhouse to supplement the built- 
in systems. 

Drainage and Unwatering. Roof, deck, and floor drainage in 
each plant is discharged either to the forebay or the tailrace 
whenever possible; however, it is necessary to carry some of the 
drainage to the station sump during periods of high tail-water 
levels. Galvanized steel pipe usually is used for roof drains, and 
black steel pipe for deck and floor drains. Screwed cast-iron 
drainage fittings which have recessed shoulders are used for all 
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systems. Expansion of roof-drain riser pipes is taken care of 
just under the roof either by fitting offsets in the pipes or by 
patented slip joints made for that purpose. Lines are uninsulated, 
except that deck drains are insulated against sweating when they 
run above false ceilings in the office areas. 

Lead and special-alloy cast-iron lines were originally installed 
for battery-room drains as a protection against acid. This has 
been changed to standard steel pipe because the weak concen- 
tration of the acid solution does not justify the extra cost of spe- 
cial pipe. 

The station sump in each plant is unwatered by two 300-gpm, 
float-controlled, deep-well-type, vertical-shaft turbine pumps 
operating in echelon. This type of pump keeps the motor above 
the wet conditions of an opensump. Very little sand or abrasive 
matter is present in the water, so enclosed or semienclosed im- 
pellers are specified. The pumps are bronze-mounted and oil- 
lubricated automatically by a solenoid valve energized with the 
motor circuit. 

At times it is necessary to unwater the draft tube of a unit for 
inspection. Each unit draft tube is connected to the station sump 
with a large-size cast-iron line containing a sectionalizing valve. 
The first project of the Authority had the outlet in the bottom of 
the draft tube, but this soon filled up with sediment and later 
projects have this outlet about 15 in. from the bottom of the 
draft-tube floor. Most plants have two deep-well-type vertical 
unwatering pumps which range in capacity from 2500 to 5000 
gpm, according to the volume of the draft tube. They are manu- 
ally operated and can augment the station sump pumps in an 
emergency. In those plants where sufficient head is available, 
unwatering is done by eductors. Since this pressure water comes 
from the unit penstocks and since it is possible for the penstocks 
to be empty, the station drainage eductor is supplemented by one 
motor-driven sump pump. No supplementary pump is installed 
for draft-tube unwatering as unwatering operations may be 
scheduled for the times when a penstock is full of water. 

Piezometers. The Authority installs piezometers in the various 
water passages at each plant to check the hydraulic performance 
of the units, penstocks, and spillways and to operate flowmeters. 
These lines are ?/-in. type K, extra-heavy, hard-copper tubing 
with solder-joint streamline fittings. Lines are installed carefully 
to avoid pockets and have a minimum pitch of 1 in. in 10 ft from 
the connection at the water passage to the terminal board. 

Plumbing. In general, the design of the plumbing systems in 
the hydro plants of the Authority follows the “Recommended 
Minimum Requirements for Plumbing”’ established by the Sub- 
committee on Plumbing of the U. S. Department of Commerce. 

Water closets and urinals are provided with flush valves, with 
those on the urinals being foot-operated. All lavatories are 
equipped with mixing faucets. Hot water is supplied by thermo- 
static-controlled tanks with immersion-type elements. 
tanks vary in size from 10 to 120 gal. Where the hot-water lines 
are of considerable length, a small circulating pump is installed; 
however, in some instances it has been found more economical to 
purchase more than one heater, thus eliminating long runs of 
piping. A mixing valve is used in the showers to prevent the 
possibility of scalding. Drinking water is furnished by self-con- 
tained electric coolers located throughout each plant. Wall 
fountains supplied with chilled water from the remote connections 
on the water coolers are also used. Acid-resisting, enameled, 
cast-iron sinks have replaced stoneware sinks which were used 
in the battery rooms of some of the earlier hydro plants. 

Type K, extra-heavy, hard-copper tubing with solder-joint 
fittings is used for all sanitary-water service because its small ad- 
ditional cost is justified by its longer life and its ease of installa- 
tion. Air chambers 18 in. long are installed as close to the fixtures 
as possible to absorb the surges caused by quick-closing faucets 
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or valves. Water pressures are maintained at approximately 50 
psi, with no pressures exceeding 85 psi at a fixture. Excessive 
pressure results in leakage, water hammer, and high maintenance 
costs. Valves are provided at each fixture to permit repairs with- 
out shutting off a whole group of fixtures. Vacuum breakers are 
installed on all fixtures that are directly connected to the water 
supply to prevent polluted water from being siphoned into the 
water lines. Although ordinarily the pressure in the water lines 
prevents the entrance of polluted water, sometimes a partial 
vacuum occurs which causes siphoning unless vacuum breakers 
are installed. Floor drains in the toilet rooms have been elimi- 
natedinthelater plants because they are so infrequently used that 
water evaporates in the traps and sewer gas enters the room. 

All exposed soil and waste lines are standard-weight, galvan- 
ized, wrought-iron pipe with black, screwed, cast-iron drainage 
fittings.. Extra-heavy cast-iron soil pipe and fittings are used for 
embedded lines. Galvanized wrought-iron pipe with black 
malleable-iron fittings is used for vent lines; where possible, the 
vents are all connected to the main vent stack to reduce the num- 
ber of pipes projecting above the roof. A septic tank is installed 
in each plant with effluent discharged to tail water. 

Hot-water piping is insulated with standard molded 3-ft sec- 
tions of 6-ply preshrunk corrugated asbestos paper, 1 in. thick, 
and covered with 8-oz canvas pasted on. Fittings in hot-water 
lines are covered with insulating cement. 

Heating, Ventilating, and Air Conditioning. Since the power- 
houses are relatively large, with limited occupancy, and the ma- 
terials of construction are such as to absorb large quantities of 
heat, the power requirements for general heating to comfort con- 
ditions are greater than can be justified. Consequently, only 
those areas where attendance is required are heated to 72 F, while 
the rest of the spaces are heated only as required for the relief of 
dampness or excessive chill. ¢ 

All heating is by electric-resistance heaters. Except for the 
air-conditioned areas, heaters, in general, are thermostat-con- 
trolled, fan-type, 440-volt, three-phase units, with auxiliary on- 
off-auto manual switches. In some of the smaller areas 220-volt, 
single-phase, thermostat-controlled heaters are used. They are 
either gravity convection heaters recessed in the walls or sus- 
pended fan units as space or architectural considerations may re- 
quire. In addition to these permanent heaters, outlets are pro- 
vided throughout each powerhouse to which portable electric 
heaters may be connected as desired. Insome of the powerhouses 
air used for ventilating electrical equipment is recirculated, thus 
utilizing the heat dissipated. In one plant this reclaimed heat 
amounted to more than 100 kw. : 

Ventilation is provided in the several areas of each plant ac- 
cording to the need for human comfort, for the dissipation of heat 
from electrical equipment and solar radiation on roofs, walls, 
and decks, and for the relief of dampness. In a number of plants 
where the arrangement and design of the electrical equipment re- 
quire, parts of the electrical apparatus, including the main genera- 
tor leads, are ventilated to prevent damage from overheating. 
Ventilation is provided in the tunnels and lower galleries for the 
relief of excessively damp and stagnant conditions. 

The scheme of ventilation is a problem which must be solved in 
each individual plant. The usual practice of the Authority is to 
introduce air into the generator room and lower parts of the serv- 
ice bay and to exhaust this air through the other spaces to be 
ventilated by separate fans. In a few plants the fresh air is in- 
troduced by gravity, but in most powerhouses a number of supply 
fans are employed. The arrangement of each powerhouse usually 
is such that most of the more important spaces adjoin the genera- _ 
tor room or are connected to it by open passages. These spaces 
are grouped together according to location and similarity of ven- 
tilating requirements into a number of groups, and each group is 
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served by a separate exhaust system. In the semienclosed type 
of hydro plant, where the intake deck is just above the generators, 
the excess heat from the generators and from solar radiation on 
the deck above escapes through louvers in the generator hatch 
eovers over the machines. These louvers may be closed in winter, 
if desired, to conserve heat. 

For convenience of maintenance and for economy of space, all 
the fans in the powerhouse are grouped usually into two separate 
fan stations. Fig. 7 shows an exhaust-fan station for one plant. 
It may be seen from this view that both direct-connected and 
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Fic. 7 Exuaust-Fan Room 


belt-driven fans are used. When the discharge pressure is fairly 
constant, fans with forward-curved blades at low rotative speeds 
are sometimes used. However, most of the fans used by the 
Authority have backward-curved blades because of their high 
efficiencies over a wide range of performance and because of the 
nonoverloading characteristic of that type of blade. It is also 
better suited to high speeds and hence more adaptable to direct 
connection. Inlet dampers are used where close control of the 
discharge pressure or of the delivery of a fan is desired. These 
dampers are operated by either a pneumatic or an electric motor 
actuated by the discharge pressure. Resilient bases, usually 
rubber-mounted, are used under fanswhen it is necessary to elimi- 
nate vibration or reduce noise. 

Air conditioning is provided in certain spaces of each power- 
house for the protection of delicate electrical equipment and for 
human comfort. Beeause of variations in the heating and cooling 
requirements of the different parts of the powerhouse, the air-con- 
ditioning spaces usually are divided into three systems. One sys- 
tem serves the control room and its related spaces, another 
system serves the office areas, while the third system serves the 


“public spaces, including the lobby and entrance vestibules. Other 


spaces, such as the telephone-equipment room, the laboratory, the 
assembly room, and the first-aid station, are served by one or more 
of the three systems. The control-room-system areas are grouped 
together because with their limited outside exposures and heavy 
heat losses from electrical equipment, they may require cooling at 
times when the other spaces require heating. The office system 
areas are served together because of similarity of exposure and 
thermal load, and the spaces served by the public spaces system 
are grouped together because of their proximity. 

The individual air-conditioning systems may be used for 
ventilating, heating, and humidifying, or cooling and dehumidi- 
fying as required. Electric blast heaters are used for heating, and 
their operation is thermostatically regulated with auxiliary man- 


ual control. Humidification is provided by discharge of live 
steam generated by an electric immersion heater in an open pan 
in the plenum of each system. Cooling is by finned-type surface 
coolers, using chilled water in the coils. In the high-head plants 
where storage water is available at 55 F or less, lake water is used; 
in the other plants water is chilled by mechanical refrigeration. 

Each of the air-conditioning systems can be placed on the heat- 
ing, cooling, or ventilating cycles as desired and the control and 
operation of each is independent, that is, one system may be 
operating on the heating cycle while the other systems are on the 
cooling or ventilating cycles. Each system is complete with fan, 
electric blast heaters, humidifier, cooling coils, and filters, to- 
gether with the manual, thermostatic, and other automatic con- 
trol and safety devices necessary for its operation. Fans for air 
conditioning have two-speed motors or adjustable variable-speed 
motors, with the low speed used for the heating cycle and the high 
speed used for the cooling cycle. 

The air filters are of the dry-filter type with filtering medium of 
paper, felted cotton, or felted glass fiber. Cell-type construction 
is used, and spare cells and filter media are provided at each 
plant. 

In those plants having mechanical refrigeration, one water-chill- 
ing system serves all air-conditioning systems. The water- 
cooling equipment consists of one or more single-acting, multi- 
cylinder refrigerant compressors, a shell-and-tube-type water 
cooler, and a shell-and-tube-type condenser, all piped together 
and assembled asa unit. Welded joints are preferred for the steel 
refrigerant piping to minimize leakage, but tongue-and-groove- 
type flanged joints are used for connections to the compressor 
and refrigerant specialties. Piping smaller than 1 in. is usually 
extra-heavy copper tubing with sweated joints. The refrigerant 
is freon-12 which is nontoxic, noninflammable, and nonexplosive. 
Lake water, usually supplied by gravity, is used for condensing. 

The air-conditioning system in each plant is automatic and in 
order to prevent excessive starting and stopping of the compres- 
sor a separate storage tank of chilled water is provided. Water 
is circulated from this tank by a small pump which responds to 
demands for cooling water. The chilled-water piping is insulated 
with cork, glass fiber, or mineral cork, ice-water thickness, and 
covered with a sealing tape and compound. Supply ducts are 
insulated with 1-in. boards of the same material and sealed with 
an airtight coating. Return-air ducts are not insulated. Fans, 
tanks, and plenums are insulated as required in the same manner 
as the ducts. 

Machine-Shop Equipment. Each plant has a permanent ma- 
chine shop, usually located just off the erection space on the gener- 
ator floor, The size of the machine shops and the amount of 
equipment in them vary in the various plants according to the 
proximity of outside repair service. However, even in the iso- 
lated plants which have the maximum complement of machine 
tools, it is not intended that they be able to make all major repairs 
which may be necessary. 

Experience has shown that the following list of machine tools 
is sufficient to take care of all the normal repair work in any plant: 


1—8-in. engine lathe 

1—9-in. bench lathe 

1—24-in. shaper 

1—30-in. upright drill 

1—10-in. sensitive drill 

1—9 X 9-in. power hack saw 

1—12-in. grinder 

1—portable pipe-threading machine, */2 in. to 2 in. 
1—tool-post grinder 


The larger machine tools are specified for medium-duty gen- 
eral-purpose precision work. In addition to these machines, each 
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Fie. 8 Typican Macuine SHoP 


plant is provided with a portable forge, blacksmith accessories, 
and a full complement of small tools. Fig. 8 shows a typical ma- 
chine shop. The forge in this view has been superseded in later 
plants by a portable forge. 


ACKNOWLEDGMENT 


The author acknowledges valued assistance from members 
of the mechanical-engineering staff in preparing data for parts of 
this paper and for constructive criticism of the paper as a whole. 


Discussion 
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SaBin Crocker.‘ The paper is principally devoted to de- 
scribing the several piping systems required in hydroelectric 
plants and gives an excellént analysis of the basic considerations 
for good design of such systems. In general, the writer subscribes 
to and endorses the author’s views on simplicity and neatness of 
arrangement with a view to improving appearance and at the 
same time making the purpose of the connections and valving 
readily apparent. Those interested in furthering a better under- 
standing of the requisites of good design are indebted to the 
author for having taken the trouble to discuss the fundamental 
principles of piping layouts in a published paper where the in- 
formation will be available to young engineers interested in im- 
proving their piping technique. 

There is only one point noticed by the writer which seems to 
warrant further explanation. This relates to the following ob- 
servation: 

“Tn some of the larger-size mains, it has proved advantageous 
to use spiral-welded pipe. This is especially true in drainage lines 
embedded in concrete where the cost of steel or cast-iron pipe 
would not be justified.” 

The writer would like to inquire whether the foregoing state- 
ment should be construed to mean that the author considers it 
desirable to cast concrete solidly around drain pipes or other 
pipes conveying fluids. This question is prompted by the fact 
that cracking or settlement of concrete is apt to fracture any pipe 
solidly embedded therein, thus permitting the contents to escape 
or seep away to the general detriment of the piping system and 


4 Consulting Engineer, Detroit, Mich. Mem. A.S.M.E, 


plant. As a protection against trouble of this sort it is usual 
practice to provide a continuous protecting conduit of larger 
diameter around a pipe buried in concrete so that the outer con- 
duit can fracture from any moderate settlement without damage 
to the pipe itself. The writer would like to inquire whether the 
author recommends dispensing with such outer conduit for drain 
lines and if so, under what conditions he considers this advisable. 


J. B. Curter.’ The. author’s paper is very interesting and 
should be of value to hydroelectric-power engineers as it gives a 
general description of the type and arrangement of mechanical 
auxiliaries that the TVA engineers consider to be the most satis- 
factory after many years of operating experience in many plants. 

It may be of some interest to mention a few of the mechanical 
features in our Safe Harbor Hydroelectric Station, which was 
first placed in operation in 1931, that are different or operate on a 
somewhat different basis from the TVA equipment referred to in 
the paper. 

Piping and Color Code. The piping systems at Safe Harbor 
are identified by a color code. The greater portions of these 
lines, where visible, are painted solidly in the selected code color, 
and it is our opinion that with this arrangement, quick identifica- 
tion of a service line in an emergency is possible. An exception 
to this rule is made only for a small portion of some of these lines 
where, for architectural reasons, another color may be desirable. 

All of the valves are identified by tags in a manner similar to 
that used by TVA, but at Safe Harbor only the valve code num- 
ber is indicated. The service is readily identified by the solid 
code color of the pipe line, and the code numbers indicate the 
main power unit which is served by that line and the position of 
the valve therein. Odd numbers indicate the supply, and even 
numbers the return lines. A typical identification number for a 
valve in the raw-water system, serving power unit No. 3 and being 
the fifth valve in sequence in the supply line, would be 3-RW-5. 

Control Valves. At Safe Harbor, when it is desired to operate 
a unit as a synchronous condenser, the elevation of water in the 
draft tube is automatically depressed by the admission of com- 
pressed air through the head cover of the turbine. An adjustable - 


5 Mechanical Engineer, Pennsylvania Water & Power Company, 
Baltimore, Md. Mem. A.S.M.E, 
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type of reducing valve is used to maintain a constant pressure be- 
low the head cover, and although it is necessary to reset this 
valve for changes in the tail-water elevation greater than 8 or 10 ft, 
such changes are very infrequent. This system has operated 
satisfactorily since the units were first installed and no trouble has 
been encountered. Inspections are made, however, every 3 or 4 
years, and as the result of some of these inspections it has been 
found desirable to overhaul the valve mechanisms. 

The float-operating systems used by TVA would have the ad- 
vantage of maintaining a constant level of water in the draft tubes 
regardless of the variations in tail-water elevations. It would be 
interesting to learn from the author whether any mechanical 
difficulties have ever been experienced in the operation of these 
floats. 

Governor and Lubricating Oil. Similar to the arrangement 
used in the TVA plants, one grade of oil is used at Safe Harbor for 
both the governor and the unit guide and thrust bearings, and 
this oil is handled by one pipe, purifying and storage system. 
This arrangement has proved to be entirely satisfactory and the 
same quality of oil has been used since the date of initial operation 
of this plant. The viscosity of the oil at Safe Harbor is approxi- 
mately 250 SSU at 100 F, which is somewhat lower than the vis- 
cosity value of the oil used in the TVA systems. The oil at Safe 
Harbor is purified about once a year using a centrifugal type of 
purifying unit for this operation. It would be interesting to learn 
how frequently it has been found desirable to purify the oil now 
being used for TVA. 

Runner-Hub Oil. The oil used in the runner hubs of the Safe 
Harbor turbines has a viscosity of approximately 1600 SSU at 
100 F. At 40 F the viscosity is very much higher or somewhere 
around 19,000. This grade of oil has proved to be satisfactory 
for this service both during the summer and winter seasons. 

The author states that the oil used for this same purpose in the 
TVA stations has a viscosity of only about 1700 at 100 F, which, it 
will be noted, is a very much thinner grade than the oil selected 
for Safe Harbor. In view of this very wide difference in vis- 
cosity characteristics any further information the author may 
submit in regard to TVA operating experience with their oil should 
be interesting. 


AuTHor’s CLOSURE 


Mr. Crocker’s comment relative to the embedment of pipe in 
concrete is pertinent. The proper procedure under such circum- 
stances should be determined by consultation between the piping 
designer and the concrete designer. The concrete designer has 


no wish to design a structure which will crack or settle, as the 
resulting damage to the dam or powerhouse holds as much or 
more risk as the damage which may be caused by a cracked pipe. 
The TVA has made every effort to design concrete structures 
with a minimum of cracking, and actual experience in the em- 
bedding of pipe solidly in this concrete has proved completely 
successful. However, if the concrete designer decides that unus- 
ual settlements may be expected, or if he must put in special 
contraction joints to care for possible cracking, then the piping 
designer must be aware of these facts in order that he may design 
his piping with such special protection as is necessary. It should 
be pointed out that if the embedded pipe has any bends in it, 
it would be very difficult and expensive to provide a continuous 
conduit of larger diameter around the pipe as Mr. Crocker sug- 
gests. 

Mr. Cutler’s comments on this paper are very interesting as 
the writer formerly was associated with him and helped develop 
some of the features he mentions about the Safe Harbor hydro- 
electric station. 

The author believes the TVA method of painting piping sys- 
tems is an improvement over the Safe Harbor method. The 
Authority’s system, which paints all the various pipes with one 
color (aluminum) with identifying colors at fittings and flanges, 
provides a more pleasing appearance. This is obtained without 
sacrificing quick identification in case of emergency, because all 
valves are painted with the identifying color, and it is the valve, 
not the pipe, which controls an emergency. 

Regarding the identifying valve tags, anything which aids the 
operator in establishing the function of a valve is to be desired. 
The naming of a system on the tag performs that function and 
adds very little to the cost of the tag. The Authority uses the 
same system of numbering valves-on supply and drain lines as 
Safe Harbor. 

We have found the float-operated valve very satisfactory for 
controlling the water level below the runner when it is operating 
as a synchronous condenser. It is preferred over the pressure- 
operated control in that it is much more sensitive and does not 
need to be reset. No operating difficulties have been experi- 
enced with the float-operated valve. 

Under normal operating conditions the oil in the governor and 
lubricating-oil systems is purified once a year, at the time of the 
annual inspection. 

The oil used in the rubber hub has a viscosity of 1700 at 100 F, 
The 40 F figure as given in the preprint was an error which 
slipped through all the eheckings of this article. 
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Fic. 1 Prerrormance D1acram or 100-In-Discuarcn-D1am- FRANCIS TURBINE 
(Efficiencies from model test, not stepped up.) 


A Better Method of Representing and 
Studying Water-Turbine Performance 


By R. A. SUTHERLAND,! NEW YORK, N. Y. 


The author indicates that the contour form of turbine- 
efficiency diagram has advantages in giving a clearer picture 
of performance than the usual efficiency curves. An ex- 
ample illustrates that several different variables can be 
shown on such diagrams. Formulas are derived for find- 
ing the discharge diameters of runners and are illustrated 
by examples. A simple method of determining the mu- 
tual influence of turbine speed and water hammer during 
transient conditions is illustrated by an example. Finally, 
the operating stability of a water turbine supplying an 
independent load is brought forward for discussion. 


INTRODUCTION 


ATER-turbine performance is usually represented by 

\V V “performance curves” consisting of a series of power- 
efficiency curves for different heads; the efficiencies 

shown may be either “expected” or “ouaranteed,” and the 
curves of course apply only to a selected size and speed of runner 
of a selected type. Such curves are made by “picking off” from 
test curves which give unit power and efficiency of a given size 
of runner at various gate openings in terms of “unit speed” or 


1 Hydraulic Engineer, Ebasco Services, Inc. Mem. A.S.M.E. 

Contributed by the Hydraulic Division and presented at the 
Spring Meeting, Chattanooga, Tenn., April 1-3, 1946, of Tar AMERI- 
CAN Sociery or MECHANICAL ENGINEERS, 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


sometimes of “peripheral coefficient.” Such curves have been 
reproduced elsewhere? and need not be repeated here. 

The performance curves contain the minimum amount of in- 
formation required by a purchaser and for many purposes are 
entirely adequate. 

Another type of performance curve is in the form of an ef- 
ficiency contour diagram, examples of which appear in several 
texts. 

The author has found that the contour type of diagram is well 
adapted for the following purposes: 


° 


1 The synthesis of available data on turbine performance. 
2 Comparison of different runners. 

3 Guide to operation. 

4 Study of turbine behavior under transient conditions. 


TypricaL ErricleNcy DIAGRAM 


Fig. 1 represents an efficiency-contour performance diagram 
for the Norris and Hiwassee turbine model, the data being plotted 
from the published test diagrams.’ The size assumed in Fig. 1 
is 100 in. discharge diam, to facilitate ready conversion for other 
sizes. In addition to efficiency, gate openings, and specific speed, 


2“Prancis-Turbine Installations of the Norris and. Hiwassee 
Projects,” by G. R. Rich and J. F. Roberts, Trans. A.S.M.E., vol. 64, 
1942, p. 26. 

3 For example, ‘‘Water Power Engineering,” third edition, by 
Hi. K. Barrows, McGraw-Hill Book Company, Inc., New York, N. Y., 
1943, p. 239. 
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Fie. 2 Francis Runners; Diameter NuMBER IN TERMS or N, 


the diagram also includes some lines representing ‘diameter 
number,”’ which is a new concept as far as the author is aware. 
The expression for D, is obtained by eliminating head from the 
basic homologous equations 


BpesSeAcD? Hae ae 


N 


where A and B are constants, just as the well-known expression 

for specific speed is obtained by eliminating D from these equa- 

tions. By eliminating H from Equations [1] and [2], we obtain 
B 1/, H 1/, 


a Wile Ps Te 

In the present paper discharge diameters (in inches) are used 
throughout and values of the diameter number D, are similarly 
applicable to discharge diameters (in inches). The symbol D, 
has been represented by analogy with the universally used sym- 
bol for specific speed, but the author has avoided the use of the 
word “‘specific diameter,” since D, is not dimensionally a length, 
any more than JN, is dimensionally a speed. 

The diagram shown in Fig. 1 can readily be converted by the 
principles of homology to apply to any selected size of runner of 
the same model type. The values of the efficiency should be 
stepped up to give an appropriate peak value, as determined by 
experience or by the use of the Moody formula applied to the 
original model. The 100-in-discharge-diam runner represented 
in Fig. 1 would be suitable for use at a normal head of 170 ft, and* 
at a speed of 180 rpm. The unit speed would be 13.8 rpm, 
and the full-gate unit power at normal head would be 11.8 hp. 
Allowing a 5 per cent margin in power, the rated horsepower of 
such a turbine would be 25,000 hp. The D, value at rated power 
would be 


180°/* 


25,0007" ce 


100 


SYNTHESIS OF DATA 


- By tabulating data from a number of turbine tests, expressions 
can be obtained for various factors in terms of N,. In the limita- 
tions of space only D, will be considered here. Fig. 2 shows 
values of D, for Francis turbines in terms of N,, each being for 
rated horsepower, which in the case of models has been assumed 
5 per cent less than the full-gate power at rated best speed. 
The graph can be represented by the equation 


Ds = 152 N83 © a, scene [4] 


Combining Equations [3] and [4] gives the following expression 
for discharge diameter 


Hp 
N* /s Pe ee 


= 152 No: 388 


This equation is believed to be more logical as a means of find- 
ing the discharge diameter of a Francis runner than others in- 
volving head, for the reason that the rated head can always be al- 
tered a few feet, while a synchronous speed must be used. The 
equation can, however, be expressed in these alternative forms 


H 
= 152 N.0.583 
D = 152 N, V 


Table 1 shows a comparison of diameters obtained by Equa- 
tion [5] with actual diameters of a number of turbines, and the 
results of other methods as noted are given for comparison. 

If the specific speed of a Francis turbine be assumed to equal 
632 
mation) to the following form 

1088 Hpt™ 


N0-722 


Equation [5] can be simplified (at the cost of some approxi- 


Equations [6] and [7] could, of course, be similarly ‘simplified. 
Equation [8] is represented in Fig. 3. 

If a further simplifying assumption is made, namely, that 
rated load efficiency is 88 per cent, then Equation [8] reduces to 
the form 


ee 7 hee 
D= Fr ee 
Values of the coefficient of Q'/? vary only from 2.51 at 600-ft 
head to 2.81 at 40-ft head, so that Equation [9] leads to a simple 
“rule of thumb” for finding approximate discharge diameter of a 
turbine required to use a given amount of water. A simple rule 
of this type is often useful in preliminary investigation. 

For the sake of completeness, equations for the diameters of 
fixed-blade-propeller and Kaplan runners will be given without 
description of the supporting data. aot 

For fixed-blade-propeller runners 


Hp’ 
Dt NON ons — oe ea ee {10} 
For Kaplan runners 
Hp'’s 
Dis ll stele ee (11) 


4 This equation can be readily solved on a log-log slide rule without. 
resort to tables or charts. 
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TABLE 1 DISCHARGE DIAMETER OF FRANCIS TURBINE 


Disch. Discharge Diameter. Inches 
dia Diameter By By By 
n No. Eqn. 5 Creager Kent 
inches Da = 
Justin 
(6) (7) (8) (9) (20) 
wi 376 123.5 131.5 12) 
126 359 ng. 130 a 
166 350 159.5 172.5 157 
153.5 372 137 145.5 136 
104 333 106 115 104.5 
179.5 362 158.5 160 168 
66.7 338 6465 67.5 64 
9% 315 95 97 96.5 
108 311 107.5 107.5 108.5 
126 279 146.5 151 145.5 
67 286 66 5965 66.5 
129 328 116.5 109 18 
64 320 57.5 53.5 59 
62 293 60.5 5305 59 
93 304 85.5 77 86.5 
56 277 53.5 47 53.5 
50 259 51 4305 49.5 
165 292 174.5 174 177 
132 347 125 132.5 124 
179.5 342 174.5 186 173 
23 339 208 221.5 206 
132 289 127.5 112.5 128 
165 305 167 166.5 16905 
230 338 238 222 
228 3A5 219.5 23405 217.5 
149.5 316 159 172 157 
65.4 are 65 =——= ad 
127.5 --- 131.5 <a ae 
143.5 -— 142.5 --= oe 
160 162 162 o-- a 
165 --- 166 --- --- 
173 =e 163 = a 
187 --- 184 --- oan 
128 --- 118.5 --- --- 


NOTE: Items ; to 17 incl. from "Water Power Engineering" by Barrows, McGraw-Hill, NY, 1943, pages 424-7, omitting plents earlier than 1920, 


No. Name Read HP Speed Spec, 
in RPM Speed 
feet N 
s 
(1) (2) (3) (4) (5) 
1 Stevens Creek 27 3 125 756 68.1 
2 Amoskeog 46 7 500 hye} 81.5 
3 Mitchell 70 24 000 100 76.5 
4 Upper Falls 64 14 250 105.8 69.8 
5 Sherman Island 66 10 000 150 79.8 
6 Muscle Shoals 95 30 000 100 58.4 
a Sturgeon Pool 105 6 300 277 65.2 
8 Bridgewater 115 13 200 171.5 523 
9 Rock Island 142 22 000 164 49.6 
10 Shawinigan u5 49 000 138.3 60.9 
11 =Kern River Canyon 240 12 000 257 29.8 
12 Queenston 305 63 500 9187.5 37.0 
13. Kerckhoff 315 15 000 360 33.2 
14, Davis Bridge ~ 350 20 000 360 31.0 
15 Pit River No. 1 421.5 45 000 257 2805 
16 San Francisquito 515 22 000 428 25.8 
17 Oak Grove 849 36 200 514 20.4 
18 Norris 180 81 600 112.5 48.8 
19 Bartlett 112 26 700 150 67.2 
20 Wilson 92 40 400 100 70.5 
21 Conowingo 89 54 000 81.8 69.5 
22 Boulder 475 115 000 180 27.5 
23  Hiwassee 190 80 000 120 48.1 
24  Dnieprostroy 123 100 000 88.2 68.0 
25  Beauharnois 80 53 000 75 72.0 
26 Holtwood 62 20 000 94.7 77.0 
27 =Waterville 840 57 000 400 21.1 
28 Diablo 327 90 700 17.5 37.2 
29 Fifteen Mile Falls 180 54 200 138.5 48.9 
30 Shipshaw 208 85 000 128.5 47.3 
31 Chute a Caron 150 65 000 120 58.3 
32 Bellows Falls 57 17 500 85.7 724 
33 Parker 80 40 000 94.7 79.0 
34 White Rapids 28 4 200 100 101.0 
~Items 18 to 
Items 22 to 26 incl. Ditto 
Items 27 to 34 incl. Supplied by S. Morgan Smith Coy 
Items in 
Items: in 


Results obtained by these formulas are given in Tables 2 and 
3, respectively, the former of which includes also the results of 
other methods. 

DISCHARGE DIAMETER INCHES 
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Fic. 3 DiscHaARGE DIAMETER OF FRANCIS RUNNERS 


21 incl, from "Preliminary Selection of Hydraulic Turbines," 4.L. Voorduin, T.V.A. 1941, p. 13, Fig. 2 


pe 12, Figs. 


Col. 9 from "Hydro-electrical Handbook," Creager & Justin, Wiley, N.Y., 1927, p. 604, Fig. 395. An enlarged diagram was used, 
Col. 10 from "Mechanical Engineer's Handbook-Power,® Kent, Wiley, N.Y., 1936, p.2-46, Fig. 12. An enlarged diagram was used, 


< 


The important bearing of sigma value on the best speed of 
propeller and Kaplan runners militates against obtaining accu- 
rate values of diameter for such runners by a formula which does 
not allow for the effect of the setting. 

Equations such as [5], [10], and [11] are useful in the prelimi- 
nary stages of powerhouse design. 


CoMPARISON OF DIFFERENT RUNNERS 


If diagrams similar to Fig. 1 are available for different runners 
of approximately the same specific speed, the runners can be 
compared by superposition of the diagrams. The logarithmic 
scale enables the “spread” of any efficiency contour (such as 85 
per cent or 90 per cent) to be compared as a measure of the per- 
centage of full load over which a given efficiency will be reached or 
surpassed. 

The contour diagram can be used equally as well as the more 
usual test diagram for “picking off” performance curves of two or 
more possible runners for given conditions. It can also be used 
to pick off directly the performance of a turbine at constant out- 
put under varying heads, a requirement which may apply to a 
plant which is used for peaking by being operated a limited 
number of hours per day at full generator capacity. The last- 
named pickoff is made by the use of an appropriate D, line, 
since these lines represent constant output once the size and 
speed of the unit have been fixed. It is known that some runners 
have a better sustained output at low heads than others, and this 
is at once shown on the contour diagram by the full-gate line con- 
tinuing to slope upward to the right, instead of bending back to 
the left. Such a runner might be advantageous in cases of peaking 
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TABLE 2 DIAMETER OF FIXED-BLADE-PROPELLER RUNNERS 


No, Name Head HP Speed Spec. Disch Dia. Discharge Diameter. Inches 
in RPM Speed D, Inches Diameter By Equa- By Creager By Kent By Voorduin 
feet N, No tion 10 & Justin 
D, 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) 
1 London 2264 6 600 90 150 177 454 178 181 173.5 148 
2 Crisp Co. Ga 27.8 5 500 100 116 148 4s 148 - --_ 152 7945 
3 Holyoke No. 8 27.8 5 500 128 149 118 381 141 141 135 131 
4 Drummondville 30 6 000 138.5 152 133 450 135 137 132 $ o-- 
5 Beebe Island 3204 5 500 150 144 118 426 124.5 126.5 122 109 
6 Slave Falls 34.3 13 800 9407 134 187 432 190.5 196 190.5 141.5 
7 Lewiston 35 7 000 138.5 136 141 463 134 137 133 --- 
8 Louisville 37.8 13 800 100 125 180 430 179.5 186 183 134 
9 Proser 39.5 4200 200 130 98 443 96 97° 95 716 
10 Wheeler ° 46.7 46 000 81.8 144 264, 433 274 279 269 314.5 
11 Chat Falls 525 27 600 125 145 195 457 192 : 194 187. 254 
12 Island Falls 56 14 000 163.6 126 139 439 136 139 137 —_— 
13. Great Falls 56 28 000 8138.5 151 189. 471. 184 186 179 _ 
14  Cize Bolozon 574, 11 400 187 126 121 431 121 123.5 121 --- 
15 La Gabelle 65.2 36 500 120 124 195 422 197.5 202 200 216 
16 Seven Sisters 67 38 200 138.5 141 195 456 191 - 194 187.5 254 
17. Flat Rock 7145 503 80 144 118 471 113 114 110 —_ 
18 Dixon 8 790 80 167 130 : 476 130 — 125 --- 
19 Matte 11.4 305 200 168 63 481 62.5 --- 60 -_ 
20 Troy 13.2 2 200 80 151 154 459 154 156.5 150.5 -— 
21 Wyman 15.5 2 460 107 174 126 437 138 aes 134 mgome 
22 Rheinfelden L761 2 220 107 144 131 463 127.5 129 124 -— 
23 Lilla Edet 21.4 11 430 62.5 145 236 436 243.5 248 238.5 9 mee 
24 Kachlet 2502 7 350 75 114 177 398 184 --- 191 --- 
25 Canadian 30.1 3.450 180 151 103 467 101 105 101 --- 
26 Forshuvud 34 10 050 94 119 167 404 LA --- 180.5 = 
27 Louisville 37 13 300 =©100 126 179 42L, 182 185.5 182 --- 
28 Manitoba 56.2 27600 138.5 150 189 £7. 183.5 186.5 178.5 ee 
29 La Gabelle 60,2 29 600 120 124 188 425 189 194.5 200 --- 


NOTE: Items 1 to 16 inclusive from "Preliminary Selection of Hydraulic Turbines," W.L.Voorduin, T.V.A. 1941, pages 42, 436 
Nos. 4, 7, 12, 13, 14 are at rated head. Others in this group are at "critical head" as defined by Voorduin. 
Items 17 to 29 inclusive from "Hydraulic Structures," A, Schoklitsch, A.S.M.E., New York, 1937, Vol 2, pages 946-7. 
Items in Col, 9: See note on Col. 9, Table I, Items in Col. 10: See note on Col. 10, Table I. 
Items in Col. 11: From source noted in second note on Table I, p. 43, Fig. 23. 


TABLE 3 DIAMETER OF KAPLAN TURBINE RUNNERS 


Spec, 
Speed Speed Disch, Dia. Diameter Disch, diameter, inches 
No, Name Head HP RPM N Dy (inches) - Number D, by Equation 11 
(1) Oe ey Ws G (6) (7) (8) 

1 Klingmau ° 26.9 20,000 75 173 254 466 242 

2 Laholm 28 16,000 83.3 165 216 442 217 

3 McIndoes 29 5,100 150 159 120 439 124.5 
4 Lanforsen 30.4 13,000 CYA 152 188 433 193 

5 Guntersville 42 38 ,000 69.2 126 265 419 288 
6 Dogern 33 33,000 75 168 276 458 268 

7 Chickamauga 35.5 37,300 1558 168 264 428 274 
8 Aborrforsen 35.8 16,000 107955 180 428 187 

9 Swir 36.1 37,500 75 164 292 472 275 
10 Ryburg 37.7 42,000 75 165 269 426 281 
11 Pickwick 39.6 43,000 pik 156 292 460 282 
12 Jonage 42.6 6,000 21, «+152 101 443 100.5 
13 Bonnéville Units 1 & 2 60 60,000 75 280 301 
14 Bonneville Units 3 to 10 65 74,000 15 280 3, 
15 Munkfors 50.5 15,000 167-51 u7 464 ml 
16 Safe Harbor 25 55 42,000 100 220 236 
27) pene ane GO 55 42,000 109.1 220 223 
18 Cize Bolozon 53.5 10,000 187 130 118 431 122 
19° Mixnitz 64.5 22,000 21,4 «+129 l21 463 116 
20 Semo Antschali 65.7 17,000 167 ae eld 146 450 14.5 
21 Santee Cooper 70 40,000 - 120 118 192 408 ; 210 
22 Groenvollfoss 7565 18,400 214 130 133 466 R7 
23 Wettingen 76.3 10,700 214, 98 ns 4L5 4 
24 Hojum 102 62,000 136.3 105 197 41, 212 
25 Shannon 106 33,000 167 89 161 434 165 
26 Stromberg 13.8 480 250 226 61 488 56 
27 lLanforsen 13.8 590 214 214 67 468 64 
28 Kanyakesid ala 790 214 172.5 67 442 67.5 
29 Siebenbrun 17.8 960 250 212 5 520 64 
30 Tolfforsen 21.3 690 300 171 55 456 53.5 
31 Lilla Edet 21.3 13,800 62.5 159 228 405 250 
32 Gratewein 26.3 3450 167: 164.5 106 449 105 
33 Mori 27.8 5,520 150) s-:174.5 128 460 124 
34 Hogforsen 33.3 4,030 214 170 94.5 449 9%, 


Note: Items 1 to 12, 15 and 1¢ to 25, from "Preliminary Selection of Hydraulic Turbines," #, L. Voorduin, T.V.A., 1941, Figs.31 & 34s. 
Items 26 to 34 incl, from "Hydraulic Structures," A, Schocklitsch, A.S.M.E., New York, 1937, Vol. 2, pages 948, 949. 
Items 13, 14, 16 and 17, by S. Morgan Smith Coy, , 


_ position could be demonstrated. 

i In the study of surge-tank stability, the rate of change of ef- 
~ ficiency with head (power remaining constant) is one of the fac- 
_ tors used.* This rate of change may be found directly from the 
i contour curve by use of an appropriate D, line. 


GuIDE TO OPERATION 


ng Fig. 4 illustrates a typical contour diagram for a Kaplan tur- 
bine 132 in, in diam operating at 180 rpm.® In addition to ef- 
*” ficiency curves, the diagram includes curves for gate opening and 
blade angle, and the D. lines have been shown to represent horse- 
power. It is also readily possible on a large-scale diagram to 
show discharges and cavitation limits, but they are not included 
in Fig. 4, to avoid confusion. A diagram of this type is useful as 
- a guide to operating in any desired manner, viz , to obtain highest 

efficiency, or to maintain a uniform discharge in the river, under 
_ varying operating heads. 
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In so far as the author knows, previous studies of transient 
conditions in turbines have always been based upon some approxi- 
mation as regards turbine discharge, and sometimes on a number 
of approximations. The contour diagram makes it readily pos- 
_ sible to study correctly what happens in such cases. To illustrate 

the procedure, the turbine represented in Fig. 1 is taken. 

Steady-load conditions are as follows: 


12 (6 Os OE Oe he ee aoe or ee 170 
i ELOTSC POWE Eo oe oiece die'e-s\o cengste Orie Sinjpeioia = 25000 
Speed, rpMl. 222.520 cece reece ce wves 180 
Geb NI erie el cies tp ein ee bo wiebessle, oe \ni0 6.2 
z Efficiency, per cent....--.------++e++-s 89.3 
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5 See “Hydraulic Stability,” by A. W. F. McQueen, The Engineer- 
ing Journal, vol. 16, 1933, p. 13. 
¢ This diagram has actually been falsified from a turbine test and 


is thus illustrative only. 
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The effect of gate closure in 4 sec is studied in the following 
cases: 

Case 1. Pressure rise neglected. This case is not attainable 
in practice, but might simulate conditions if a large surge tank 
were installed immediately upstream of the turbine. 

Case 2. Turbine supplied by a penstock such that the ef- 
fective characteristics of the water conduit are as follows: 


MSonptiih penis: | ects) Minne ea oer’ 300 
(Dita eae oe eee i ee rie ee 13 
Velocity of propagation, fps...........-.- 3000 


The unit is tripped off the line by relay operation. 

Case 3. Similar to Case 2, but the load is reduced by load- 
limit control, the unit remaining on the line. (It may be noted 
in passing that according to previous methods the discharge his- 
tory for this condition would be the same as in Case 2.) 

In each case the effect of generator windage has been ignored 
for the sake of simplicity. It can readily be taken into account 
by adding another column to Table 4. 

Fig. 5 shows the efficiency contours on a network of “unit 
speed” and “unit power” lines, and the gate lines shown are in 
accordance with the gate-time curve shown at the left in Fig. 6. 
The several data given have been selected for simplicity, but illus- 
trate the procedure equally well as though an actual installation 
were considered. The complexity of the conditions that can be 
studied are limited only by the patience of the computer. 

Pressure changes are determined by the graphical method, 
which has been described in many published articles.? Speed 
changes are determined by the formula 


_ 3,238,000 Hp sec during interval 
a WR 


N? NY? 


7 One of the most recent being ‘‘Water-Hammer Problems in Con- 
nection With the Design of Hydroelectric Plants,’ by E. B. Strow-~ 
ger, Trans. A.S.M.E., vol. 67, 1945, p. 377. 
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TABLE 4 PART OF COMPUTATION OF CASE 2 
Discharge required 

Trial Trial Unit Unit Ave.excess 2 QZ Effic. for H.P. Recrane Remarks 

Time Gate Head Speed Speed Power HP. HPe ND 7 Ny ND ON, 4 

(1) (2) (3) (4) (5) (6) (7) (8) (9) Go) Gini) (12) (13) (14) (15) 

0.00 6.2" 170 180 13.8 11,28 25,000 32,400 180 89.3 1450 1450 

0.20 6.0 175 186 14.06 117.13 25,780 25,390 2052 34,452 185.5 90.0 1439 442 Speed wrong 
176 185.6 13.98 11.14 26,000 25,500 2062 34,462 185.6 90.0 1445 1442 0.K. 

0.40 58 182 190.8) 24.13. 0392 26,820 26,410 2138 36,600 191.3 90.7 1432 1416 Speed wrong 
179 191.2 14.28 10.9 26,160 26,050 2108 36,570 191.2 90.6 1417 1420 : "OK. 

6.60 5.55 182 196.2 14.53 10.62 26,100 26,100 2110 .38,680 196.6 91.1 1384 1390 Speed wrong 
183 196.6 14.53 10.62 26,300 26,200 2120 38,690 196.6 91.1 1390 1389 0.K. 

0.80 5.25 186 202.0 14.80 10.26. 26,020 26,160 2116 40,806 202.0 91.4 1348 1348 0.Ke 


@} 


UNIT POWER 


Fie. 5 Prrrormance Diagram or FRANCIS RUNNER FOR TRANSIENT CONDITIONS 


Using the interval of 0.2 sec, and inserting the value given for 
W R?, this expression reduces to 


Mean excess hp during interval 


NES INC = 
A 12.36 


The procedure used is a trial-and-error one, illustrated by Table 
4, which shows part of the calculations for Case 2. 

At each step a head and speed are assumed, and the discharges 
called for by the turbine diagram and by the pressure diagram 
are computed. If these discharges are not identical, the head and 
speed are modified in a direction which will be obvious from the 
first trial until substantial or exact agreement is obtained. 


The results of the three cases cited as examples are shown in 
Fig. 7. The computation of pressure and discharge has been 
carried only as far as 1.8, 2.2, and 2.4 sec, respectively, for cases 
1, 2, and 3, as indicated in Fig. 5. The remainder of the horse- 
power curves beyond the computed values can, however, be drawn 
in (shown broken in Fig. 7) with only slight error and the total 
speed rise thus determined. 

Unfortunately, this method cannot generally be used for Kap- 
lan turbines, because the blade movement does not in general 
keep time exactly with the gate movement, so that the efficiency-. 
contour diagram (such as Fig. 4) does not hold for transient con- 
ditions, 
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This method of studying transient conditions is obviously 
more refined than is generally necessary, but has been of inestima- 
ble value in studying one important and unusual installation, 
in which not only were numerous closure operations studied, but 

~ also governing stability of the unit when supplying independent 
loads. The computed behavior was closely checked by prototype 
tests. 


GOVERNING STABILITY 


Operating stability of a hydroelectric plant generally requires 
the provision of an amount of WR? in the generator considerably 
in excess of that normally built in by the generator manufacturer. 
The leading generator makers have tables which show the “‘nor- 

~ mal WR?” for various sizes and speeds, and Fig. 8 has been pre- 
pared by the author to show the resulting regulation constant C. 
This diagram is useful as a preliminary guide to the amount of 
excess WR? required to give a desired value of C. The regula- 
tion of a hydroelectric unit connected to a system has been ably 
treated by numerous writers. In the exceptional case of a unit 
supplying an independent load, the stability may require study. 


2c00 - 28000 250 


The moving water column contained in the penstock and draft 
tube represents a considerable amount of kinetic energy, which 
must be reduced or increased when the turbine gates close or 
open, respectively, as a result of any governor action, however 
slight. In the case of gate closure, part of the kinetic energy in 
the column is in effect transferred to the unit, which is already 
burdened with the excess energy which gave rise to the speed and 
gate change. 

In the case of the gate-opening movement, the unit needs a 
quick supply of energy, which the water column is unable to 
furnish, being burdened with the necessity of increasing its own 
energy. Thus the water column always acts for an appreciable 
time in opposition to the governor, and it is easily seen that in- 
stability may occur if the water-column kinetic energy becomes 
too large in proportion to that of the unit. 

The author has been able to observe only one case of this kind 
in practice, in which a unit was supplying a rheostat load and 
operated stably at small outputs, but became violently unstable 
as the output was increased. The ratio of the kinetic energy of 
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ithe water column to that of the unit, when instability occurred, 
was about 0.2. This ratio is obviously not the only factor in- 
volved, but is believed to be an important one, and the author 
‘suspects, from a study of other plants, that not a few units which 
now operate very sweetly on the line would be unstable if supply- 
ing a rheostat load. 

The problem is analogous to but more complicated than the 
stability of surge tanks; and the author wishes at this time to 
bring the phenomenon into the open for discussion. 
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Discussion 


L. F. Harza.8 The author has urged the use of a valuable 
form of diagram in which to present hydraulic-turbine test data 
designed to display the characteristics of the turbine vividly and 
clearly. This form of turbine characteristic curves was used ex- 
tensively in the first and subsequent editions of a text by Daniel 
W. Mead,? first published in 1908, on which the writer collabo- 
rated, except with a natural instead of logarithmic horizontal 
scale. The logarithmic scale adds little, if anything, to the dia- 
_gram except the JN, lines become straight instead of curved. 

Many years ago the writer developed standard platting paper 
for this type of curve with a sufficient range of horizontal and 
vertical scales so that any turbine then being built could be 
platted on this paper. The N, lines were curved because of 
natural scale. The position of the set of turbine curves on the 
‘sheet indicated the type of turbine. Thus a turbine of high 


8 President, Harza Engineering Company, Chicago, II. 
_A.S.M.E. 

9 “Water Power Engineering,’’ by Daniel W. Mead, second edition, 
McGraw-Hill Book Company, Inc., New York, N. Y., 1915. 

10 “Further Means Suggested for Interpretation of Water-Turbine 


Mem. 


‘Test Data,” by L. F. Harza, Engineering News Record, vol. 72, ° 


October 30, 1915, pp. 542-544. 


unit speed and unit power would be platted, in the author’s form 
of diagram, in the upper right-hand portion of the sheet, and a 
high head and therefore low-speed turbine in the lower left- 
hand portion of the sheet. . 

The author has added one new feature, namely, his D, curve, 
whose usefulness the writer is not as yet prepared to evaluate 
without more experience in using it. The author refers to NV, and 
D, characteristics, the former generally known as ‘specific speed,” 
as not actually dimensional constants. In this the writer differs; 
N, is the speed of a 1-hp turbine under 1 ft head, the turbine 
being of design homologous to the large turbine. Likewise 
D; would appear to be the diameter of a homologous turbine which 
would run at 1 rpm and develop 1 hp. There would appear to 
be less value, however, in the mental conception of the meaning 
of this constant as compared with N,. 

The use of the relation curve, Fig. 2 of the paper, between NV, 
and D, is not clear except as to the preliminary studies in laying 
out a hydroelectric station. It cannot be more than a general 
indication as to the diameter at the outlet of a turbine of an as- 
sumed N,, sufficiently close for a first layout or assumption. It 
will be noted that the points from which this curve is projected 
are scattered widely. For example, at VN, = 30 the D, may vary 
from about 260 to 300 because of the great difference in dimen- 
sions and turbine characteristics of different manufacturers, or 
the different types of turbines of essentially the same N, of the 
same manufacture. For other than the first preliminary studies _ 
it is always necessary to use the dimensions of the individual type 
and size of turbine offered by the manufacturer. The D, con- 
stant might be useful for preliminary studies before this more de- 
tailed information is available. j 

The author offers his Fig. 4 type of diagram as one suitable as 
a guide for operation, but in the opinion of the writer there is a 
much better form of diagram available for that purpose.!! After 
the turbine is installed and its characteristics known by extra- 
polation or field test, there is no value in continuing the use of 
“anit speed”? and “unit power” as scales of the operating dia- 
gram. The curve mentioned uses the operating head and actual 
horsepower of the prototype as co-ordinates. Thus at a glance 


11 Thid., Fig. 5, p. 544. 


‘the operator can pick off the best horsepower at which to run the 
unit at each head. This should be carried one step further using 
gross head horizontally and kilowatts vertically, because these 
are the figures which the operator reads and which he can use 
without any conversion such as deduction for hydraulic losses to 
obtain net head, or converting horsepower to kilowatts. 

The author presents some applications of his curves to the 
study of transient phenomena and governing stability which are 
well worth careful study and application. ; 

~ Manufacturers generally do not put their test data into the 
 “efficiency-contour” form of curves, or at least if they do, 
_ the customer never sees them. The information displayed to the 
_ engineer by this form of platting is so far superior to that of the 
usual form of characteristic curves submitted by a manufacturer, 
that the extra work of platting is well justified on the part of the 
purchaser’s engineer. 


J. D. McLavcuuin.¥2 The method given for studying the 

- behavior of hydraulic turbine - generator units under transient 
conditions makes it possible as the author has outlined, to estimate 
with reasonable accuracy the power, discharge, speed, or head 

_ versus time relationships for unusual or unconventional hydro- 
electric installations. 

The behavior under transient conditions of the hydroelectric 
unit installed at the Fort Peck Project during the war emergency 
required special analytical consideration in the manner outlined 
due to the fact that it was installed without the surge tank con- 
templated in the original design. Prediction of the behavior 
of the unit under anticipated operating conditions made possible 
the forecasting of operating regulations and the installation of 
special accessory features as means of adapting the unit to pre- 
vent excessive pressure surges in the penstock. The pressure- 
surge limitation was met by restricting the wicket-gate closure 
time to a minimum of approximately 42 sec. Overspeed of the 
unit, resulting from heavy load rejection at the line circuit 
breaker, was controlled within reasonable limits by automatic 
transfer of the generator output to a water rheostat which was 
preset to dissipate approximately 75 per cent of the load rejected. 

The writer, being familiar with the installation, initial tests, 
and test conditions referred to under “Governing Stability,” 
desires to elaborate upon the causes of instability of the Fort 
Peck unit when supplying a rheostat load, for the conditions that 
applied during the tests witnessed by the author. Observations 
upon which these comments are based were made during the 
operation of the unit without surge tanks over a period. of ap- 
proximately 3 years, during which time several series of tests 
were run to obtain specific data for use in designing a continu- 
ous-rating water rheostat. Throughout this period the be- 
havior of the unit was one important consideration. 

The resistivity of the river water, used in all rheostat tests, is 
relatively low, being approximately 600 ohms per cucm. This 
factor had the effect of making a water rheostat located in 
the powerhouse tailrace extremely sensitive to fluctuations of the 
water surface. : 

The temporary, and what proved upon analysis to be unsatis- 
factory location of the water rheostat in the powerhouse tailrace 
during the initial test period undoubtedly intensified and perhaps 
initiated the instability noted in the operation of the unit supply- 
ing an independent load provided by the water rheostat. When 
operating in this manner, the load on the generator is determined 
by the depth of the electrode immersion. Surges and surface 
waves in the tailrace, whether due to the discharge from the ad- 
joining tunnels or from the powerhouse draft tube, changed the 


12 Engineer (Electrical), Hydroelectric Branch, Engineering 
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depth of electrode immersion, and thus varied the generator load, 
by changing the water elevation of the tailrace. 

An increase in tail-water elevation of 6 in. would produce an 
increase of approximately 22 per cent in a generator load of 20,- 
000 kw, and would decrease, by the above increment, the head 
available to the unit. The former would increase the demand for 
kinetic energy from the water column, while the latter would de- 
crease the energy available in the water column. Conversely, a 
decrease in tail-water elevation of 6 in. would decrease the load on 
the generator by approximately 28 per cent and would increase the 
energy available in the water column. In either case the gov- 
ernor would respond with a gate movement tending to restore 
the speed to normal, and in both cases would tend to “overad- 
just” the gate. Since the surging is periodic, it is believed that 
should the period achieve the proper magnitude with respect to 
the speed of the governor, serious operating conditions would re- 
sult from this cause. 


C. B. Sprnuman.'3 This paper arrives at certain new formu- 
las for approximating the discharge diameters of various types of 
reaction-turbine runners. It appears to the writer that the ap- 
plication of these formulas for diameter is somewhat awkward, 
because they involve functions other than the basic engineering, 
conditions and on this account the diameter number or the dis- 
charge diameter for a given project cannot be determined until 
one has first determined the specific speed or the speed in rpm. 
Also, it is suggested that a somewhat more definite idea of the 
runner size would be obtained if it were expressed as “throat di- 
ameter” rather than discharge diameter. The throat diameter 
seems more definitely fixed by considerations of flow and head, 
whereas the discharge diameter of a runner having a given throat 
diameter may vary depending upon the peculiarities of individual 
runner design. The ratio of discharge diameter to throat di- 
ameter might vary from as much as 1.20 down to even less than 
unity for very low-specific-speed runners. 

For purposes of quick approximation of the throat diameter for 
a given set of basic conditions, the formula 


68 X Horsepower 
Diameter of throat = \ a 


has been developed. It will be noted. that this formula involves 
only the two fundamental variables of horsepower and head. 

We are indebted to R. B. Willi of the I. P. Morris Depart- 
ment for a very useful formula, involving only these same basic 
variables, for detérmining approximately the operating speed of 
vertical-shaft Francis or Kaplan turbines. This formula is 


Cx Hs 
Rp, See 
/ hp 


where C is equal to 632 for Francis turbines and 950 for Kaplan 
turbines. 

As a check on the accuracy of these formulas, the writer has 
tabulated a comparison of the approximate diameter and speed 
with the actual values, for many of the I. P. Morris installations 
of both the Francis and Kaplan type (Tables 5 and 6 of this dis- 
cussion). The tabulation indicates that the error in the formula 
for throat diameter averages less than 1 per cent and for speed 
less than 4 per cent. It must be admitted that in some few cases 
errors of the order of 20 to 25 per cent are encountered, but this 
occurs only when, for some reason, the specific speed selected for the 
design was at variance with the permissible value indicated by 
the “experience curve” of Nz versus head. When more accurate 
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Plant Head Hp Rpm 
Berlin; WNubl steers ore 83 20500 128.6 
Baaaaly oi. ceien a eustareiaie 387 33600 300.0 
Ixtapantongo........ 1028 39000 600.0 
Boulder Dam........ 510 115000 180.0 
Apalachian cic, sales 360 53000 225.0 
Yuba Narrows....... 235 13500 300.0 
Marshall Ford....... 120 27000 144.0 
Columbus........... 112 18000 150.0 
New Kanawha...... 157 35000 150.0 
Hardy Dam......... 99 14800 163.6 
Carpenter........... 89 39500 94.7 
Cobble Mountain.... 420 19200 450.0 
Cobble Mountain.... 420 8550 600.0 
Morony..,...... 82.5 31000 81.8 
~ Lower Tallassee. 88 36000 100.0 
Colton... 270 15700 360.0 
Cadyville 156 4300 450.0 
Upper Tallassee. 55 25000 80.0 
Lake Chelan........ 377 34000 300.0 
Conowingo.......... 89 54000 81.8 
GChapalav.: ide iets 233 8000 360.0 
Norwood... ..06<5.6% 70 31100 90.0 
Cherokee Bluff...... 145 45000 120.0 
eat Haven........ 81.5 18000 133.3 
Rumford Falls....... 97 10000 200.0 
Cutler yigundcesteiier 124 21500 150.0 
Exchequer Dam..... 300 24500 257.0 
Wallenpaupack...... 330 28500 300.0 
Soft Maple.......... 121.5 10500 225.0 
Lighthouse Hill...... 62 5250 150.0 
Dix iRiver-nis. chiar 220 9850 300.0 
Bits Croixtnauasastane 48 4550 150.0 
Amoskeag........... 46 7500 112.5 
Holtwood........... 62 20000 94.7 
TABLE 6 I. P. MORRIS KAPLAN 
Plant Head Hp Rpm 
Fort Loudoun 65 50000 105.8 
Watts Bar... 52 42000 94.7 
Safe Harbor. 55 42500 100.0 
High Point.... ec TOU 10000 225.0 
Chickamauga........-0.--+ 36 36000 75.0 
Buzzard’s Roost.........- 60 7400 240.0 
Mattaceunk.............. 39 5900 171.4 


data are required, manufacturers’ recommendations, of course, 
should be obtained. 

The principal application which I. P. Morris has found for the 
contour type of diagram has been in the Kaplan field, where it 
greatly facilitates the preparation of expected-performance curves 
for proposed prototype turbines. Without the contour diagram 
the preparation of such curves is very laborious, as the basic test 
data comprise a series of tests for various fixed-blade positions. 
Thus a performance curve has to be derived for each blade posi- 
tion, and the envelope of these individual performance curves 
drawn to indicate the performance obtainable with automatic 
adjustability of the runner blades. The reason for this is that 
each different blade position, in effect, makes a different runner 
is so far as performance is concerned. This, of course, does not 
hold true in the Francis field where the blades are immovable. 
Hence the Francis performance curve is readily obtainable from a 
single set of model test readings. For this reason there has not 
been the same incentive to use contour diagrams for the Francis 
models as there has been for the Kaplan models. 


E. B. Srrowemr.'* In discussing turbine behavior under 
transient conditions, the author makes use of the contour form 
of turbine-efficiency diagram for showing the performance rela- 
tions in terms of power, speed, and gate opening. On these dia- 
grams the speed is shown in terms of unit speed and the power in 
terms of unit power rather than in terms of rpm and power out- 
put of the unit under normal head conditions. The writer pre- 
fers to show the transient performance in terms of the normal 
head performance rather than reduce the data to 1 ft head. In 
this connection he wishes to call attention to the joint paper he 
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4 Din, 
seus Rpm, per V/ 68hp per cent 
Vhp centerror Dth A error 
121.9 —5.2 126.0 129.7 +2.9 
303.5 +1.0 76.0 76.9 +1,1 
582.0 —3.0 48.6 50.75 +4.3 
201.2 +11.8 130.0 123.8 —4.9, 
228.0 +1.1 103.0 100.1 —2.6 
326.0 +8.8 66.0 62.5 —5.2 
140.0 27 128.5 124.0 —3.6 
162.5 +8.2 108.0 104.5 —3.1 

150.0 0.0 125.0 123.0 —-1 5 4 
163.6 0.0 103.5 101.0 —2.5° 
97.8 +3.1 173.0 174.0 +0.4 
426.0 —5.3 54.0 55.7 +3.2 
638.0 +621 36.0 37.2 +3.4 
98.5 +20.5 173.0 160.0 +7.6 
96.1 4.9 165.2 166.8 +0.9 
338.0 —6.2 62.5 63.0 +0.8 
426.0 —5.4 40.0 43.3 +8.2 
81.6 +2.0 175.0 176.0 +0.5 
295.0 —1.6 75.5 78.2 +3.6 
78.9 —3.6 194.0 203.0 +4.6 
424.0 +17.6 61.5 48.3 —Aib 
86.5 —3.9 170.5 174.0 +2.0 
124.7 +3.9 147.0 145.3 —11 
127.1 —4.6 121.0 122.8 +1.3 
195.5 —2.2 85.0 83.6 —1.4 
159.7 +6.3 111.0 108.6 2.1 
292.0 +13.5 73.6 74.5 +1.2 
292.0 —2.6 73.6 76.6 +4.1 
227.5 +1.0 78.6 76.5 —2.6 
192.8 +28.5 83.5 76.0 —9.0 
369.0 +23.0 58.8 55.1 —6.1 
172.8 +15.1 82.0 80.2 —2.2° 
130.0 +15.2 110.0 91.1 —17.1 
99.0 +4.4 149.5 148.2 —0.9 
Avg +3.7 Avg —0.56 
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3/4 eS Dth, 
pore Rpm, per ~/ 68 bp per cent 
~Vhp cent error Dth H error 
97.5 —7.6 222.0 229.0 +3.0 
90.1 —4.8 234.0 234.5 +0.2 
93.9 —— (rk 220.5 229.5 +4.0 
229.0 +1.8 101.0 98.5 —2.5 
74.1 <0 264.0 261.0 —1.2 
241.0 +0.6 92.0 91.5 —0°5 
195.1 +13.9 109.5 101.5 —7.3 ‘ 

Avg —0.5 Avg —0.61 


wrote with 8. L. Kerr in 1926, on this subject,!® where the 
step-by-step or arithmetic integration method was first applied 
to the problem and the solution was first made by a rational 
method rather than by rough approximation. He also wishes to 
call attention to a discussion of Arnold Pfau’s paper which 
was published in 1930.16 The author’s method is the same as 
that shown in these publications except that he has substituted 
the contour diagram for the runner ¢ curves, and the graphical 
method of water-hammer determination for the arithmetic-integra- 
tion method. These substitutions do not change the basic char- 
acter of the method of computation. 

Case 3, cited by the author, assumes that during load rejec- 
tion the unit remains on the line. Consequently, with the unit 
connected to a large system, the speed of the unit will remain sen- 
sibly constant. However, because the head is increased, due to 
water hammer, the unit speed decreases as shown by the curve, 
marked Case 3 in the author’s Fig. 5. The author states that 
according to previous methods the discharge history for this 
condition would be the same as in Case 2. The writer believes 
that the method shown in the references cited would give a dis- 
charge history which would not be the same as the author’s 
Case No. 2 but would agree with the author’s results for Case 3. 

It should be pointed out perhaps that the time-horsepower 
curves for Cases 1 and 2, as shown in the author’s Fig. 7, should be 
modified in the dotted portions to show that the power output be- 
comes negative near the end of the governor stroke due to the 
overspeed, forcing the governor to close the gates below the speed- 
no-load point. 


16 ‘‘Speed Changes of Hydraulic Turbines for Sudden Changes of - 
Load,” by E. B. Strowger and S. L. Kerr, Trans. A.S.M.E., 1926. 

16 ‘Mechanics of Hydraulic Turbine Pressure Regulation,” by 
Arnold Pfau, Trans. A.S.M.E., vol. 52, 1930; discussion, HYD-52-4. 
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AutTHoR’s CLOSURE 


_ Mr. Harza questions the value of logarithmic plotting of tur- 
ine test data. The main advantage, in the author’s experience, 
is the ease of transferring from one size of unit to another. In such 
ease the curves need not be replotted but only the scales need be 
shifted. Disadvantages are that the portion of the diagram near 
full gate has the smallest divisions and that the diagram cannot 
well be extended down to small gate openings. Mr. Harza’s 
definition of “specific speed” is frequently used but nevertheless 
is believed to be inaccurate, for the insertion of dimensional 
yalues will show that it is not aspeed. One at least of the mak- 
ers recognizes this by using the more correct term “character- 
istic speed number.” Similarly the author’s term D, could be 
ealled the characteristic diameter number. Its value, as Mr. 
‘Harza indicates, lies in giving a first approximation to the size 
of runner to meet given conditions, just as the N, parameter is 
used in finding a suitable speed, and it is believed that the author’s 
Tables 1, 2, and 3 indicate that it serves this purpose. The 
author’s formulas were developed in self-defense against the in- 
sistent demand of the structural men for dimensions, in the early 
planning of hydroelectric projects. One of the engineers of a large 
public body has devoted a whole book to this and allied questions 
(Table 1, second footnote). It is true as Mr. Harza points out, 
that there is quite a spread in the experience values of D,, but it 
is believed that this is due largely to the turbine makers’ use of 
developed models for heads or speeds for which they are not 
jdeally suited. It is the author’s belief, which unfortunately may 
never be proved or disproved, that if all turbines were specially de- 
signed for optimum operation at their rated head and speed, the 
spread would be very small. 
Mr. McLaughlin’s discussion of the Fort Peck installation is of 
_ particular interest to the author, who took part in the tests made 
prior to regular operation. It is hoped that Mr. McLaughlin can 
be prevailed upon to publish the results of the later tests which 
he indicates have been made, for this wartime installation was of 
unusual interest from an hydraulic point of view and reflects 
considerable initiative and courage on the part of the U.S. Engi- 
neer Department. The author is unable to agree with Mr. 
McLaughlin’s suggestion that “the location of the water rheo- 
stat in the tailrace perhaps initiated the instability noted.” He 
_ will, however, agree that it complicated the phenomenon. In a 
certain report” are shown oscillograms obtained during operation 
both with a tank rheostat (Plate 14, Test D-1) and with the tail- 
race rheostat (Plate 16, Test H-1) and each shows the same 
characteristic instability, the period being of the order of 14 
seconds. Actually the rate of pressure rise in the case of the tank 
rheostat appears to be appreciably sharper than in the case of the 
tailrace rheostat. Instability of this type is comparatively little 
known in the United States, due to interconnection of plants, but 
appears to be more familiar to European engineers, and in fact 
has been ably discussed by Daniel Gaden in a recent text. as 
Mr. Spellman’s contribution is distinctly useful and practical 
and his formulas have the advantage of being easily remembered. 
His suggestion that “a more definite idea of the runner size would 
be obtained if it were expressed as throat diameter rather than as 
discharge diameter” is no doubt valid, and for a maker’s engi- 
neer the throat diameter is no doubt the more fundamental di- 
mension. The author’s use of his formulas was mainly for the 
limited purpose of determining in the first place the dimensions 
of draft tubes, etc., as a means of fixing approximate powerhouse 


17 Field Pressure Measurement, Fort Peck Powerhouse Penstock, 
Technical Memorandum no. 206-1, U. S. Waterways Experiment 
Station, May 15, 1944. 

18 “Considérations sur le Probléme de la Stabilité—Contribution 
a )’Etude des Régulateurs de Vitesse,’’ Lausanne, Editions La Con- 
corde, 1945. 
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dimensions. This he did by means of various empirical relation- 
ships referred to discharge diameter and specific speed. The same 
purpose could be served if such data were available in terms of 
throat diameter, which could then be obtained by Mr. Spellman’s 
formulas. The author is interested to note that Mr. Spell- 
man’s company values the facility of the contour type of dia- 
gram, in the case of Kaplan turbines. It is a fact that the contour 
diagram is not only capable of containing a surprising amount of 
information in one diagram without confusion, but is very reveal- 
ing as to the suitability of a runner for a given head and speed 
and for this reason has been given the apt name, by Mr. Harza, 
of the “goldfish bowl” diagram. 

Mr. Strowger’s eminence in his field makes his contribution es- 
pecially appreciated by the author, who is glad to state that he 
regards the first paper cited by Mr. Strowger’® as the original 
“gospel” on the subject. Mr. Strowger believes that the methods 
shown in the references cited by him would give results which 
would agree with the author’s Case 2 and Case 3. Mr. Strowger’s 
Fig. 5 (loc. cit.) gives the gate-time relationship and one turbine 
efficiency curve, which is presumably taken at the rated head and 
speed, and therefore at a constant unit speed. It is not apparent 
to the author that efficiencies taken at a constant unit speed could 
correctly be applied to the behavior of a turbine whose actual 
unit speed, on account of the pressure and speed changes, is vary- 
ing throughout the phenomenon, although no doubt the error in- 
volved might be negligible for many purposes. The second refer- 
ence cited by Mr. Strowger’* contains a very excellent exposition 
of his procedure of determining the change in head and speed 
during the phenomenon of a change in load. It takes into account 
both the changes in head and speed during the transient as shown 
by his Tables 2, 3, and 4. Two complete sets of computations are 
required, the second applying trial and error principles to the 
first. : 

The author’s procedure seems to be more direct in that each 
point in the computation is arrived at by trial and error to 
satisfy simultaneously two sets of conditions, viz., the water- 
hammer conditions and the turbine characteristics. The accuracy 
is limited only by the correctness of the physical data and the 
patience of the computer. The author feels considerable con- 
fidence in this method for it was successfully used to predict pres- 
sures in the Fort Peck installation under various conditions, and 
was found to give quite appreciable differences in pressure with 
the same gate closure, depending on the amount of water rheostat 
load thrown on the generator during the gate-closing operation. 
In general, the pressure rise increased as the rheostat load used 
decreased, although this would not necessarily hold true for other 
operating heads. 

Referring to the author’s Fig. 5, if the operating head were dif- 
ferent, the starting point of Cases 1, 2, and 3 would likewise be 
different from that shown, and the lines marked Case 1, Case 2, 
etc., would cut across the efficiency contours in a different 
manner and other results than those just mentioned might 
occur. The Fort Peck tests referred to by Mr. McLaughlin 
required turbine closures with a water conduit about a mile long 
and no surge tank, and the element of risk involved warranted 
the most painstaking investigation prior to embarking on such 
tests. ‘The author’s method also successfully predicted hydraulic 
instability on rheostat load. This was possible because the slow 
governor time considered rendered the behavior of the unit 
amenable to computation by reason of the governor compensa- 
tion effect being negligible. The author believes that an addi- 
tional advantage of his procedure lies in its giving a graphical 
picture at each instant, and this is particularly apparent in study- 
ing stability, where what might be called the “history line” (like 
the lines marked Case 1, etc., on the author’s Fig. 5) wanders 
around the diagram somewhat in the form of a lemniscate. 
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Mr. Strowger correctly points out that the “tail end” of the 
author’s horsepower curve, Fig. 7, should dip down to a negative 
value. The excuse for not doing so is that a good runner of the 
specific speed illustrated would run at speed-no-load with a very 
small gate (in the case of Fort Peck about 0.04), so that this 
negative dip would be negligible, and secondly, that makers gener- 
ally fail to test runners at very small gate openings so that data 
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would ordinarily be unavailable to compute this negative dip, 
even though it is known to exist. In certain cases, however, it is 
recognized that this negative power may be of considerable im- 
portance, and in any case the existence of the negative. portion 
of the horsepower-time curve would make the speed curve peak 
earlier, viz., at the instant the horsepower changes from positive 
to negative. 
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Nantahala Turbine 


By J. P. GROWDON,! R. V. TERRY,? ano H. H. GNUSE, JR. 


The Nantahala plant of the Nantahala Power and Light 


~ Company is located near Franklin, N. C., and was designed 


, 


by the Aluminum Company of America. The 60,000-hp 
hydraulic turbine operates under 925 ft rated net head at 
450 rpm. The static head on the plant of 1008 ft is 
the highest for any reaction-type turbine installed in the 
United States. The design and construction of this turbine 
and butterfly valve are described, followed by results of the 
field tests. Operation and maintenance work undertaken 
since the unit was installed are frankly discussed. The 
field tests showed an efficiency of 93.7 per cent. Considera- 
ble stainless steel was used in the original installation and 
its use has been greatly extended since the unit was placed 
in operation. 


INTRODUCTION 


HE Nantahala hydroelectric development 1s owned and 
operated by the Nantahala Power and Light Company, a 
subsidiary of the Aluminum Company of America. It is 


1 Chief Hydraulic Engineer, Aluminum Company of America, 
Pittsburgh, Pa. Mem. A.S.M.E. 

2 Assistant Chief Engineer, Newport News Shipbuilding & Dry 
Dock Company, Newport News, Va. Fellow A.S.M.E. 

3 Chief Electrical Engineer, Nantahala Power & Light Co., Frank- 
lin, N. C. 

Contributed by the Hydraulic Division, and presented at the 
Spring Meeting, Chattanooga, Tenn., April 1-3, 1946, of Tar AMerI- 
CaN Society oF MrcuanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of authors and not of the Society. 


situated on the Nantahala River in southwestern North Carolina, 
where the steep slopes permit a high-head development in a rela- 
tively short reach of river. It was completed in July, 1942, and 
has been in successful operation since that date. 

The acquisition and design of this development has been car- 
ried on by the owner and its parent company since 1911. In this 
period of 35 years, many different types of development have been 
proposed and studied. As finally designed and built, the Nan- 
tahala hydroelectric development consists of an earth-faced rock- 
fill dam, 250 ft high, creating a reservoir with 125,000 acre-ft of 
usable storage. The water from the reservoir is taken to the power- 
house through an unlined pressure tunnel, approximately 5.3 
miles long, and a penstock 1391 ft long. A differential surge tank 
is located 1991 ft from the turbine. The powerhouse, shown in 
Fig. 1, contains a single hydroelectric unit, consisting of a 60,000- 
hp reaction turbine, operating under a maximum static head of 
1008 ft, directly connected to a 3-phase 60-cycle generator, with 
the necessary transformers and auxiliary equipment. The power 
output is fed into a transmission system so that it is not required 
to operate the unit when for any reason transmission is inter- 
rupted. 

A great deal of study was g-ven to the problem of selecting a 
turbine which would combine the following characteristics: 
Low cost per horsepower; maximum efficiency; satisfactory and 
reliable operation. 

At this head, either an impulse or reaction turbine appeared 
feasible. For the total capacity at least two impulse turbines 
would be required, with an expected efficiency of 88 ‘per cent. 
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Since the power requirements did not necessitate operation at low 
loads, and since the large reservoir provides an opportunity for 
periodic inspection and repairs, without wasting water, the two 
units are no more useful than a single unit and would cost con- 
siderably more. 

A reaction turbine of this capacity, having an efficiency of more 
than 90 per cent, appeared to be feasible. Due to the permissible 
lower turbine setting, it would regain a few feet of head which the 
impulse turbine could not utilize. A single-unit reaction turbine, 
with its direct-connected generator, would cost considerably less 
than the two impulse units previously mentioned. It was realized 
that the head is higher than any other reaction turbine in America, 
and that reaction turbines under somewhat less head had de- 
veloped many operating difficulties. 

The parent company had had some experience with high-head 
reaction turbines and believed that as a result of this experience 
and the increased knowledge of the turbine designers, it would be 
possible to design and build a reaction turbine which would meet 
the requirements of the Nantahala hydroelectric development 
better than any other type and which would be free from serious 
operating difficulties. 

Several turbine manufacturers agreed with this conclusion, and 
after consideration of all turbine builders’ proposals, the contract 
was awarded to the Newport News Shipbuilding & Dry Dock 
Company for the design and manufacture of a 60,000-hp (925-ft 
head), 450-rpm vertical reaction turbine, with all essential auxili- 
aries, operating under a maximum static head of 1008 ft, and an 
8-ft-diam butterfly valve to be located immediately above the 
scroll case. 


NANTAHALA TURBINE 


The turbine selected for the Nantahala plant is of the vertical- 
shaft single-runner Francis type, rated 60,000 hp under a net head 
of 925 ft, operating at a speed of 450 rpm. This gives a specific 
speed of 21.6. It is designed for a maximum net head of 1000 ft, 
the maximum static head on the plant being 1008 ft. This is 
believed to be the highest-head reaction-type turbine installed in 
the United States and to be the highest-powered extremely high- 
head reaction turbine in the world. 

The Francis type was selected in preference to an impulse type 
after giving due consideration to several factors. The efficiency 
of the reaction-type turbine is several per cent higher (about 4.5 
per cent) than that of the impulse type. The speed is considerably 
higher, resulting in a much smaller and less expensive generator. 
The unit is sufficiently large so that reasonable clearances could 
be employed and yet maintain relatively small leakage losses. 
The disadvantages are that load cannot be changed as rapidly as 
with an impulse turbine and that there is some element of danger 
in operating the unit unwatered as a synchronous condenser. . 

Fig. 2 shows a longitudinal section through the powerhouse. 
The turbine setting includes a hydraulically operated butterfly 
valve between the turbine-casing inlet pipe and the penstock, 
and a cast-steel spiral casing in 3 sections with 20 vanes, one 
opposite each wicket gate. The vertical part of the draft tube is 
of the straight conical type, the upper part being of cast steel and 
the lower part of steel plate. The upper part includes a removable 
section just below the runner. This permits removing the runner 
and throat ring from below and gives access for repair or renewal 
of the seal rings and other work on the turbine without disturbing 
the crown plate and other parts supported by the crown plate. 
Downstream of the conical part of the draft tube there is a 
collecting chamber which discharges diagonally upward and then 
around a bend to the tailrace. There is one pier in the diagonal 
portion and bend of the discharge passage. The discharge pas- 
sage is vented upstream of the bend and near the wall of the 
powerhouse. 
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Runner and Seal Rings. Fig. 3 shows a sectional view of the 
turbine. The runner is of the conventional Francis type of cast 
steel in one piece, 85 in. nominal diam, with 21 vanes, arranged. 
for a bolted connection to the main shaft.. The bolted connection. 
is arranged for easy removal] of the runner. There are ten tapered 
bolts used primarily to take shear and four loose-fitting 
straight bolts to carry the hydraulic thrust and weight of the 
runner. 2 

The entrance edges of the vanes are sloped circumferentially 
and a large radial gap of about 6 in. is left between the runner 
vanes and wicket gates so as to result in smooth flow from the 
gates into the runner. This arrangement has proved highly satis— 
factory and cannot be too greatly emphasized. 

The runner carries two straight steel seal rings shrunk on, one 
on the crown and one on the band. The two rings are of equal 
diameter to provide good hydraulic balance and at the same time 
are interchangeable. The rings are placed at as small a diameter 
as possible so that a small running clearance could be used and 
the leakage area reduced. A radial clearance of 0.015 in. is em- 
ployed. The clearances at the periphery of the runner are pur- 
posely left large to preserve hydraulic balance. The seal rings 
are supplied with 80 gpm of clear water through a check valve, 
piping, and radial holes between the inserts in the stationary seal 
rings. 

Provision is made for checking the seal clearances periodically 
from above and below the runner, with the turbine shut down. 
Leakage through the top seal is carried out through the crown 
plate and a pipe to a point above tail water where the amount of 
leakage may be observed at any time during operation. 

The runner was dynamically balanced and the shaft-connection 
holes drilled and reamed before shipment to the generator manu- 
facturer. A cast-steel fairwater is bolted to the bottom of the 
runner. Fig. 4 shows a shop view of the runner and spare runner- 


Fic. 4 SnHop View or RUNNER AND SPARE RUNNER 


Shaft. The usually separate turbine and generator shafts 
were combined and furnished in one piece by the generator manu- 
facturer. This is practicable since the runner is removed from 
below. The shaft has a nominal diameter of 24in. The flange for 
connection to the runner was drilled and reamed by the generator 
manufacturer using templates and drilling jigs furnished by- the 
turbine manufacturer who had previously used them in drilling 
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and reaming the runners. A rather elaborate set of jigs was re- 


quired owing to the necessity for having the runner, spare runner, 


and any future replacements interchangeable. The generator 
- builder fitted each runner to the shaft and checked alignments 
- before shipping to the field. The shaft is provided with a stain- 


less-steel sleeve in halves, opposite the turbine stuffing box. A 
turbine manufacturer’s representative supervised the instaJlation 
of the sleeve and witnessed the shaft and runner alignment. 

As usual on large forgings of this kind, a hole was provided in 
the shaft. This hole was used for certain generator leads and to 
admit a small amount of venting air to the draft tube through a 
pipe in the runner cone or fairwater. The hole was also used at 


f first for passing a cable for handling the runner but this was later 


dispensed with in favor of a jacking arrangement. 

Main Bearing and Lubrication. The unit has three bearings, 
« turbine bearing, a generator-guide bearing below the rotor, and a 
spherical Kingsbury guide-and-thrust bearing above the rotor. 
The turbine bearing is of the babbitted oil-lubricated type, 25 in. 
diam, rather short, being only 16 in. long. The shell is in halves, 


. machine-grooved, tinned, babbitted, bored, and scraped to a 


clearance of 0.010 in. on diam. 

The oil sump is of 74-gal capacity placed in a sector of the crown 
plate. Oil is supplied to the bearing through a cooler by an a-c 
motor-driven pump with a d-c motor-driven pump as a stand-by 
arranged to cut in upon loss of pressure. The pumps, cooler, and 
gage board are located in an alcove in the turbine pit. The oil 
supply enters the bearing in an annular groove about one third 
down from the top, flowing both ways to lubricate the bearing. 
A reservoir of oil is left at the top of the bearing to act as a supply 
when changing from a-c to d-c pump or other temporary lack 
of supply. Excess oil overflows through a pipe to the sump. 

Crown and Curb Plates. The crown and curb plates are of cast 
steel in one piece and of usual construction except that the curb 
plate is removable from below, after removal of the draft-tube 
section. This gives access for removal of the wicket gates from 
below and for maintenance of certain wearing plates and rings 
under the crown plate. 

Wicket Gates and Operating Mechanism. The 20 wicket gates 
are of forged steel with integral stems. The wearing surfaces at 
each end of the body of the gates were overlaid by welding with 
one layer of stainless steel, using a 25 chromium - 20 nickel rod. 
A total clearance of 0.020 in. was provided. 

Each gate has three bearings, one below and two above the 
body. The lower bearings are greased from below as ample space 
is available from the passageway around the removable section of 
the draft tube. Cup leather packing instead of the usual type 
of square packing is used in the upper gate-stem packing boxes to 
seal against the high pressures involved. A thrust collar on each 
gate stem carries the upward thrust against the crown plate. 

Each gate lever is made in two sections connected by the usual 
safety shear pin. 

The operating ring and two servomotors, etc., are of usual 
construction designed for operation with oil at 250 to 300 psi, 
the displacement of the servomotors being 18.3 gal. In order to 
suit the design of penstock and surge tank, positive stops were 
installed on the servomotors to limit the stroke to about 90 per 
cent, corresponding vo a discharge of 635 cfs and about 60,000 
hp at 935 ft head. 

- Governor. The governor is of the Woodward cabinet actuator 
type with 3-in. pipe connections and rated about 85,000 ft-lb at 
250 psi; the governor being designed for a maximum pressure of 
300 psi. The minimum time for full gate stroke was specified as 
4sec, However, due to the pipe-line conditions, the closing stroke 
is limited to 12 sec by 17/32-in. orifices in the port piping to the 
servomotors, and the opening stroke to 22 sec by a special small 
relay valve with limited stroke. 


697 


Fic.5 Intertor View or PowErHovse, INCLUDING THE GovERNOR: 


The flyballs are driven by a permanent-magnet generator 
mounted on the generator. Oil pressure is supplied by two 50- 
gpm motor-driven pumps with echelon control. 

The WR square of the generator is about 4 000,000 ft? lb, 
giving a regulating constant, WR2N2? divided by horsepower, of 
13,500,000. 

Fig. 5 shows an interior view of the powerhouse, including the 
governor. 

Butterfly Valve. Fig. 6 shows a sectional arrangement of the 
butterfly valve and operating gear. The valve has a nominal 
diameter of 8 ft at inlet, reducing to 6 ft 6 in. diam at discharge. 
Its center line was placed about 20 ft upstream from the center 
line of the turbine so that there would be no question about the 
valve disk creating a disturbed flow that would affect the effi- 
ciency of the turbine. Body and disk are each in one piece made of 
cast steel. The shaft is of forged steel keyed to the disk. An 8- 
in. by-pass is provided for filling the turbine casing before open- 
ing the valve, although the valve is designed for opening or 
closing under full static head of 1008 ft. A 3-in. Crispin air-and- 
vacuum valve permits the air in the casing to escape and auto- 
matically closes when the casing is filled with water. It also 
admits air when the casing is being drained. 

Special care was devoted to the design of the seal rings to re- 
duce the leakage to a minimum and to prevent erosion when the 
valve was left closed for long periods with the penstock under 
pressure. Body and disk sea] rings are both made of stainless steel 
of different grades to prevent the possibility of galling. The body 
seal ring was bored after installation in the body. The disk ring is 


-in halves, secured in its groove, but free to float like a piston ring 


so that it will adjust,itself properly when the valve is closed. 
This arrangement has proved very satisfactory and there has been 
little increase in leakage during the 4 years since installation. 
The choice of stainless steel for the seal rings has proved to be wise. 
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AIR VALVE. 
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Via. 6 


The valve is arranged to be opened or closed in about 2 min 
from a control stand on the powerhouse floor, by means of pen- 
stock pressure in a bronze-lined cylinder 29 in. diam by about 5- 
ft, stroke. The opening and closing time are limited by the size 
of the control piping. 

Weights. The total weight of the turbine, not including shaft 
and spares but including governor equipment, was about 300,000 
lb. The weight of the complete butterfly valve was about 
150,000 lb. 


Snor Eracrion anv Tners 


The turbine spiral casing, inlet section, and butterfly valve 
were erected and tested in the shop under a hydrostatic pressure 
of 700 psi, for 2 hr. Vig. 7 shows these parts assembled with a 
cast-steel test head bolted to the upstream end of the valve hous- 
ing. The crown plate and curb plate were in place, and a test 
ring was fitted between the crown and curb plates opposite where 
the periphery of the runner would be in the field. The wicket-pate 
stem holes were temporarily plugged for this test and the butter- 
fly-valve disk was in the open position, 

The space between the upstream face of the valve disk and 
the test head was given a separate test at 700 psi, after closing the 
disk with a torque of about 80,000 ft-lb. The valve leakage was 
measured at a pressure of 435 psi, corresponding to full head in 


TRANSACTIONS OF THE A.S.M.H. 


OCTOBER, 1946 


BY PASS VALVE 


Rea CASING 


apm oat 


DRAIN CONNECTION 
Ree eS 6-0" & 


SrorionaL ArraANcemeny Vinw or Burverriy VALVB AND Oppratina Gwar 


the field, and found to be 0,135 cfs. The leakage in the field was 
much less for then the closing moment was about 10 times 
as much or 800,000 ft-lb. 

A tightness test of 500 psi was placed on the casing and butter- 
fly-valve body in the field before pouring concrete. 


Tursinn Mopay aAnp Fraup Tusts 


A homologous model was built with a 22-in-diam runner 
and tested in the manufacturer’s hydraulic laboratory before 
construction of the turbine was started. The homologous parts 
consisted of all parts which affected the water passages from the 
inlet to the butterfly valve to the discharge end of the conical 
draft tube. The model tests were made under a reduced head of 
about 30 ft. The best efficiency obtained was 89.5 per cent. 
These tests were made both with and without the butterfly disk 
in place, No differences in results could be detected. 

A complete field test was made in accordance with the A.8.M.B. 
Test Code for Hydraulic Prime Movers, the water being measured P 
by the Gibson method. Fig. 8 shows the results of the field test, 
the maximum efficiency being 93.7 per cent. 

Sixty-two thousand hp was obtained at 87.5 per cent gate open- 
ing which is the maximum gate opening at which the turbine is 
operated, Above 85.5 per cent gate opening or 60,000 bey 2 
cavitation noise starts in the draft tube. 


1 
; 
| 
; 


rte ae. ag 


ov 


cee em ee Oe i a ae a ee 


GROWDON, TERRY, GNUSE, JRA—NANTAHALA TURBINE 


Via.7 AssomBiy Vibw or Turprnu-Sprrav Casina, Inuor Suction, AND Burrerriy Vatve As ERnermp IN THE 


i‘. 
Zz 
rr] = 
v Sse cdl NC ON 
a —— an si 
a 
| 
> 
O 
Zz 
W 
f MADE AT APPROXIMATELY !OOOFEET GROSS HEAD 
eee 
20000. 30000 40000 50000 60000 
HORSEPOWER 


Tia. 8 Resvuvvs or Finvy Tosrs; Maximum Werictwnoy 93.7 


Pur Cunr 


Other results of field tests are as follows: 


Gate opening required to bring unit up to speed, per cent.....° 6.0 
Pressure rise for full load off—148 ft or (per cent)....... +6060 16.0 
Speed rise for full load off, per cont.....s.cseeee eter eee eens 83.0 
Power required to motor, runner submerged, kw.......+++++++1750 
Power required to motor, runner unwatered, kw........e0ess . 560 
Wicket-gate leakage under full head, cfs...... PRR 4 EE de se 


Oil pressure required to move gates, unwatered, pSi......66.++++ 12 
Oil pressure required to open gatos, full head, TR is natlaer eco 


Gate leakage is sufficient to keep the unit running at, 135 rpm 


before closing the butterfly valve but not sufficient to start unit 


from rest, 
Following is a comparison of guaranteed, model, and field test 


efficiencies at 925 ft net head: 


——/fliciencies, per cont-—— 


Per cent 
load Guaranteed Model test Field test 
100 87.0 89.0 93,7 
Best 89.5 89.5 93.7 
75 88,5 86.6 93.0 
‘ 50 84.0 79.0 88.0 


Water Velocities. The following tabulation shows the approxi- 
mate water velocities from the entrance to the butterfly valve 
to the discharge end of the draft tube, based upon the field test 
discharge of 610 cfs at rated load and head: * 
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Suop ror Tastrina 


Location Velocity, fps 
PATRtOO acta c ee ivi ira aleaie/elete rn cvecelel+eip busin op el eceini pt maven 12.1 
Butterfly valves. .cccccc eee eee erent renee eens 19.3 
Casing Ontrancd@....ccce eee cree enter entree eee ee en anes 23.5 
Gaalig lias Peers CC neV Vc eC Ce Carer eabevonunve 29.8 
Speed-ring discharge......cs seer reer e ee ee ee ene een enes 49.5 
Wicket gates. .cccsesneeneeer 118.0 
Pntrance to runner, absolute, 165.0 
Entrance to runner, relativO.......eeeee 88.0 
Discharge from runner, MbSOLULO.. cece ere eee eee 37.0 
Discharge from runner, relative, ... cere reer eee eee eee 115.0 
Draft tube, thront....c. sc cece ee eee teeters 31.2 
Draft tube, bottom of CONE, .... +c eee rere eter eee eens 10.7 
Draft tube, discharge passage,..c6. creer ener eee e eee nnee 4.3 


OPRRATION 
The field 


The turbine was placed in operation July 2, 1942. 
tests were made in August, 1942, 

The operation of the Nantahala turbine is not unusual except 
for several operating limitations that are imposed due to certain 
dosign features that resulted from the high head. Some of the 
original limitations have been mitigated by slight changes in 
design and by the use of more suitable materials when repairs 
have been made. The remaining limitations as will be indicated 
do not impose any serious restrictions on the operation of this 
unit, in view of the fact that the Nantahala turbine is always 
operated as part of a large co-ordinated system in which it can 
normally serve as a base load plant. 

The physical location of the powerhouse made a relatively long 
pipe line necessary between the surge tank and the unit. In order 
to protect this pipe line against excessive surge pressures it was 
felt desirable to provide relatively slow governor time. ‘This slow 
governor timing makes it impossible to use the Nantahala unit 
for any tie-line load regulation which requires quick changes of 
load. The slow closing speed also results in an overspeed upon 
sudden loss of full load of approximately 33 per cent. Since the 
small load which would normally remain connected to this unit 
upon the loss of tie line can usually be taken care of by genera- 
tion at smaller plants, it was considered very desirable to separate 
the Nantahala unit completely from the remainder of the syster 
upon the sudden loss of load. To accomplish this an overspeed 
“inertia” relay was interlocked through a watt relay and con- 
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nected to trip the generator breaker immediately upon the oc- 
currence of a fast rise in frequency, which would indicate loss of a 
major portion of the load. This relay installation effectively re- 
moves the unit from the system within !/, sec and’ prevents exces- 
sive overspeeds on the small local system. 

The runner of the Nantahala unit is partially submerged by 
the normal tail water, even when the unit is not in operation. 
This center line elevation was purposely selected in an effort to 
minimize cavitation of the runner during normal operation. This 
results in a positive pressure under the runner for loads up to 
approximately 57,500 hp at rated head, at which point the velo- 
city head of the water and other disturbances create a negative 
pressure at the periphery of the draft-tube throat. It was found 
that when this negative pressure exceeds approximately 14 psi, 
cavitation noises start in the draft tube. Since the load at which 
this disturbance occurs varies with the gross head, a table has been 
prepared showing “maximum gate limit setting versus head,” 
so that the wicket gates will not be opened beyond this critical 
setting. It has been found that the output varies from approxi- 
mately 55,500 hp at the minimum head to 65,000 hp at the 
maximum head before these cavitation noises occur. 

The setting of the runner below normal tail water makes it 
impossible to use the unit as a synchronous condenser without 
providing special features, such as compressed air to lower the 
tail water and to provide additional equipment to assure water 
lubrication to the seal rings during extended periods of operation 
as a synchronous condenser. After considerable discussion and 
investigation, this equipment was not considered justified due to 
the fact that the reactive kva can always be supplied from other 
units which are located closer to the load center. 

A further limitation which was originally imposed on the opera- 
tion of the machine was a precaution against operating for ex- 
tended periods below one half rated load due to the excessive wear 
which would result from operation at light loads. This considera- 
{ion is no longer as critical as it was originally due to the use of 
stainless steel in the repair of various of the wearing parts. 


MAINTENANCE 


It was generally agreed, even before the turbine was installed, 
that considerable maintenance, particularly of the runner, would 
be required owing to the high head and high water velocities which 
exist in this unit. However, some additional problems were ex- 
perienced which required some redesign as well as some repair. 

As originally designed, an oil sump of 74-gal capacity was placed 
in a sector of the crown plate with the thought that sufficient 
cooling would be provided by contact of the underside of the 
oil sump with the water discharged through the turbine. This oil 
sump provided lubrication through one set of oil pumps to both 
the generator and turbine guide bearings. It was soon found that 
there was not sufficient heat transfer through the oil sump to 
cool the oil adequately, so a heat exchanger was inserted in the oil 
line between the oil pumps and the bearings. 

The first difficulty with this system was experienced due to 
water spray from the shaft packing gland entering the oil system 
through the oil-collector pan underneath the turbine guide bear- 
ing. This water caused considerable rusting and pitting of the 
turbine-generator shaft just above the guide bearings, and also a 
rough rusty appearance on the actual bearing surfaces of the 
shaft. This condition was corrected by using a rust-inhibiting oil 
which was very effective in eliminating the rusting, pitting, and 
sludging which had taken place in the original oil. Admission of 
water into the system from the packing gland was later effectively 
eliminated by adding a water deflector to the shaft just above the 
packing gland, but moisture continued to be present due to 
condensation on the cool surfaces of the sump walls. : 

Although the location of the oil sump in the crown plate con- 
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serves space in the structural design of the powerhouse, it results 
in a very unsatisfactory location from a maintenance standpoint. 
It is practically impossible to clean out completely the sump and 
to remove all traces of moisture and sediment. In order to re- 
move moisture of condensation effectively, a continuous small 
blotting-paper filter has been installed in series with the oil line. 

It was also found that the one oil-pumping system would not 
satisfactorily lubricate both the turbine and the generator bear- 
ings. This was due to the fact that the generator bearing is 
located approximately 7!/, ft above the turbine bearing, and also 
to the fact that the generator bearing was supplied through a small 
orifice, whereas the turbine bearing was supplied through a 
3/,-in. pipe. Any small or slight obstruction in the generator pip- 
ing orifice would merely force the oil into the turbine bearing 
without resulting in an appreciable rise in pressure to remove the 
obstruction. This combination system was separated to provide 
an independent forced oil lubrication system with separate oil 
sump and heat exchanger for the generator guide bearing. 

Provision was made in the original design of the turbine, for 
the runner to be removed by means of a cable through a hole in the 
generator shaft. The cable and runner could then be handled by 
means of the main powerhouse crane. However, the upper por- 
tion of the hole through the shaft was also used for the generator- 
field leads which extend from the field poles to the collector rings. 
Early experience indicated that considerable time and effort 
would be required to remove and reinstall the generator leads 
every time the runner was removed. It would also be difficult 
to keep the runner centered when it was being lifted by the 
cable due to the close seal-ring clearances. It was therefore 
decided to remove the runner by means of jack bolts and a special 
frame so that all of the work could be carried on from below the 
scroll case where the entire operation could be observed and 
closely checked by the maintenance force. It has been found that 
by use of this device, a runner can be removed and completely 
reinstalled by a six-man crew in five 8-hr work shifts. 

Another small detail which developed was the fact that under 
certain conditions when filling the draft tube and scroll case, a 
water hammer was created which forced water up through the 
hole in the shaft and out into the generator rotor, and also into 
the main thrust-bearing oil sump. Since it was felt that the hole 
served a useful purpose of admitting air to the draft tube, this 
problem was corrected by installing a check valve at the lower end 
of the shaft in such a manner that air would be admitted through 
the shaft to the draft tube but water would be checked and pre- 
vented from rising up the shaft. 

After the completion of the original installation it was noticed 
that the wicket gates would not completely pinch when closed 
against full water pressure. Upon release of the water pressure 
from the scroll case, the gates would move to the completely closed 
position. It was found that due to an unbalanced pressure under 
the gate stem, amounting to an upward thrust of several tons per 
gate, the upper flange of the crown plate against which the thrust 
collars pressed deflected sufficiently to allow the top of the gates 
to rub the upper wearing plate. This condition was corrected by 
readjusting the thrust collars on the stems and by installing lugs 
and additional bolts to minimize the deflection of this flange. 
Whereas it was originally necessary to close the butterfly valve in 
order to bring the unit completely to a stop, the unit can now be 
brought to a stop by merely closing the wicket gates. 

The major portion of the maintenance and repair of the unit 
results from pitting and erosion that are caused by the high water 
velocities and pressures. Realizing that considerable maintenance 
would be necessary, frequent inspections were made of the unit. 
after it was placed in service. After about 6 months of operation, 
the wicket gates and the back side of the nonoverlapping parts 
of the runner vanes began to show signs of erosion or pitting. 
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After a year’s operation, the wearing plates opposite the top and 
bottom surfaces of the gates had started to erode, the seal-ring 
clearances had increased from 0.015 to 0.020 in., and considerable 
wiredrawing could be observed on the closure contact surfaces 
of the gates, despite the fact that the butterfly valve was always 
closed and pressure removed from the scroll case within a few 
minutes after the wicket gates were closed. 
After two seasons of operation the Nantahala unit was dis- 
mantled with the intention of making minor adjustments and 


_ repairs, such as the welding in the field of small areas of the 


wicket gates, wearing plates and runner that showed wear from 
an inspection of the completely assembled machine. However, 
upon removal of the runner the complete extent of the wear could 
be observed, and it was evident that a major overhaul would be 
required. It was decided that the following parts should be re- 
newed or repaired: runner and seal rings, throat ring below 
runner, wicket gates, curb and crown-plate wearing plates and 
rings. 

The stainless steel originally applied to the ends of the wicket 
gates and the stainless seals used for the butterfly-valve seals 
showed no sign whatever of erosion or other damage. Fig. 9 
shows a typical wicket gate before being repaired. The curb and 
crown-plate wearing rings and the seal rings on the runner had 
originally been made of S.A.E. 1045, a carbon-manganese steel, 
heat-treated to a Brinell hardness of 200 to 235. It was thought 
that this material would be suitable for resisting the erosion from 
the high velocities, but this was not the case. The stationary seal 
rings were made of cast steel, each with two bronze inserts held 
in place with calking strips. The bronze inserts eroded faster 
than the carbon-steel rings on the runner. 

The parts to be restored were shipped back to the turbine 
manufacturer and were treated as follows: 

The nonoverlapping back sides of the runner vanes and the 
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inside of the runner band from the vanes to the bottom edge were 
recessed about 1/s in., overlaid with 25-20 stainless welding and 
refinished. The runner wearing rings were replaced with steel 
rings overlaid with 25-20 stainless-steel welding. It would have 
been less expensive to use stainless bar material for this purpose 
but necessary early delivery could not be obtained during the war. 

The bore of the cast-steel throat ring for a distance of 6 in. 
from the top was similarly treated with a stainless overlay. 

The bronze inserts in the stationary seal rings were replaced 
with inserts made of a 13 chrome-stainless steel. This gave two 
different grades of stainless steel working opposite each other so 
that even if they should accidentally touch in operation, galling 
would not result. 

The entire downstream side and one third of the upstream side 
of the body of each forged-steel wicket gate were overlaid with 
25-20 stainless welding and refinished. The intermediate and 
lower wicket-gate stem bearings which had pitted somewhat 
from corrosion were restored with a stainless metal-spray finish, 
and a collar was shrunk on the lower gate stem adjacent to the 
gate to help retain grease on the lower bearing surface. 

The curb and crown-plate wearing plates and rings opposite 
the runner periphery were renewed with mild steel overlaid with 
25-20 stainless welding. At the same time total clearance at 
the end of the wicket gates was reduced from 0.020 to 0.015 in. 

In order to make the foregoing repairs the unit was taken out 
of service on March 6, 1944, and by working continuously it was 
put back into operation on May 2, 1944. No water was lost 
from the reservoir during the 56 days the unit was down. 

As a result of the changes the power output was increased 
about 5 per cent, 3000 hp, because the runner-discharge openings 
were increased. The leakage through the runner seals was even 
less than when the unit was first installed. With the smaller 
wicket-gate clearance and complete closure of the gates, the unit 
would stop of its own accord with the gates closed and the butter- 
fly valve left open, whereas previously it would not. 

After two additional seasons of operation the runner was 
again removed for a detailed inspection of the unit. All of the 
stainless steel which had been properly applied was still in perfect 
condition. Even the tool and the file marks still showed, indicat- 
ing that very little if any metal had been removed due to erosion 
or pitting. The closure contact surfaces of the wicket gates 
were also in perfect condition. A number of spots were found on 
which the stainless-steel weld had been almost completely re- 
moved when the piece was remachined and those spots were 
pitting or eroding appreciably. These small areas were chipped 
out and filled in with 18-8 stainless-steel rod; and subsequent 
inspection indicates that this work was very effective. 

Evidence of the effectiveness of stainless steel was clearly 
demonstrated by surfaces of the stationary wearing ring which is 
installed in the crown plate opposite the periphery of the runner. 
Through an oversight in the repair work, an inside vertical sur- 
face of this ring was coated with 4/¢-in. stainless-steel overlay but 
the lower horizontal surface which adjoins the wearing plate was 
not coated except for the 1/s in. vertical overlay that extended to 
this lower horizontal surface. After two seasons of operation 
the mild steel between the wearing plate and the 1/s-in. stainless- 
steel overlay was eroded or pitted to a depth of 1/1 to 8/s2in. This 
area was repaired in place by chipping out and filling in with 
stainless-steel welding rod. 

After the runner was removed for this inspection it was de- 
cided to install the spare runner and to perform additional stain- 
less-steel welding on the original runner to cover areas which 
were not repaired when the unit was returned to the factory. 
These areas consist primarily of the top and bottom edges of the 
periphery of the runner and a portion of the working face of 
the vanes where the water impinges upon starting. Considerable 
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erosion occurs on these faces because the runner acts as an im- 
pulse rather than a reaction wheel at small gate openings. 

It was gratifying to note that even the seal rings did not show 
any wear. The manufacturer showed good judgment in applying 
different grades of stainless steel to the stationary and movable 
seal rings, since it was found that they had actually touched in a 
few spots without appreciable damage. It was found that the 
contact between the two surfaces was due to warpage of the in- 
serts, which probably resulted from internal stresses which had 
not been relieved. This was corrected by grinding the stationary 
seal-ring inserts to a true circle by means of a field-constructed jig, 
and by buffing the movable rings. All of the surfaces were trued 
up and refinished without changing the original clearances appre- 
ciably. a 

The use of stainless steel has greatly reduced the amount of 
maintenance work which would have been required to keep the 
unit in a safe and efficient operating condition. By maintaining 
smooth surfaces it undoubtedly greatly increases the average 
long-term efficiency of the unit and removes some of the previous 
limitations that had been imposed to reduce wear on the unit. 


CoNCLUSION 


During the more than 3 years’ operation of this unit, all the 
difficulties encountered have been corrected. It is believed that 
the moderate initial cost (as compared with other types), the 
very high efficiency, and the absence of serious operating difficul- 
ties have amply justified the selection of the Francis type for the 
conditions under which this turbine operates, and that it will 
have a long life, with only moderate renewals and repairs. 


Discussion 


G. D. Jounson.* The use of Francis instead of impulse tur- 
bines under head of 1000 ft and over has again been vindicated 
by the Nantahala turbine. 

Because of the high efficiencies attainable and the economies 
in first cost due to high-speed equipment with small space require- 
ments for the amount of power developed, there is a natural 
inclination to use Francis turbines for higher and higher heads. 
However, because of operating difficulties experienced with 
previous high-head installations, there are today only a few 
Francis turbines in the entire world operating under heads ap- 
proximating 1000 ft. Apparently use of stainless steel and im- 
proved welding techniques will now assure satisfactory, reliable 
operation of units of this type without excessive maintenance. 

The writer was privileged to witness a vivid illustration of this 
modern trend, when in November, 1945, he visited the Lages 
Plant of the Rio de Janeiro Tramway, Light, and Power Company 
(The Light) in Brazil. At present this plant contains eight four- 
jet vertical-shaft impulse turbines and two vertical-shaft Francis 
turbines, all of European manufacture, operating under a rated 
head of 310 m (1018 ft). The small space occupied by the 50,000- 
hp 600-rpm Francis units, as compared with the size of the 
9000-hp and 19,000-hp 300-rpm impulse units, was striking. 
Moreover, the maintenance on the Francis wheels, installed in 
1940, and 1942, respectively, and equipped with special alloy- 
(stainless-) steel runners, has consisted mainly of stainless-steel 
welding on the gates and is no more than is required on the 
runners, needles, and nozzles of the impulse wheels. No erosion 
or cavitation of the runners was apparent after 3 to 5 years of 
service. This is due, of course, to the use of special material in 
the castings, but it is apparent that, as in the case of the Nan- 
tahala turbine, the liberal use of stainless steel results in units 
requiring a minimum of maintenance. 


4 Hydraulic Engineer, 8. Morgan Smith Co., York, Pa. 
A.S.M.E. 


Mem. 
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The writer congratulates the authors on the courage and skill 
demonstrated in the conception and design of the Nantahala tur- 
bine and on the success which they have achieved in its operation, 
as well as on the manner in which they have presented the com- 
plete story in their excellent paper. Their generous discussion of 
design considerations and operating experiences will undoubtedly 
promote further worth-while developments in the application of 
hydraulic turbines to high-head power generation. 


S. J. Nexps.6 The paper was particularly interesting to the ~ 


writer, who happened to be at Nantahala on several occasions 
while the machine was being installed. It is also timely in that it 
discusses a most unusual machine after it has been proved success- 
ful in service. Comparison with larger machines makes it diffi- 
cult to realize that such a small turbine can develop so much power. 
Its high output is due, of course, to the exceedingly high head and 
this is one of the features which make the installation so out- 
standing. 

The authors mention the spherical thrust bearing selected for 
this machine, and since the bearing is also quite unusual and 
interesting, a few words about it are in order. Instead of the 
flat thrust and cylindrical upper guide bearing, common in verti- 
cal machines of this type, a spherical thrust bearing is used. 
This bearing is capable of supporting radial as well as vertical 
loads, hence it eliminates the upper generator guide bearing. 

The spherical thrust bearing for the Nantahala unit is shown in 
Fig. 10 of this discussion. It is located at the top of the machine 
and it runs in an oil bath with a cooler like most Kingsbury bear- 
ings in hydroelectric service. It is 51 in. diam and to date is the 
largest spherical bearing that has been built. The rubbing sur- 
face of the runner A is a zone of a sphere, the center of which is 
on the shaft axis. Six segmental spherical shoes B are fitted 
to the runner and pivoted in the usual Kingsbury manner. The 
bearing angle of the shoes is 39 deg with respect to the shaft 
center line. Total vertical thrust load is 575,000 lb or about 
96,000 lb per shoe. Due to the bearing angle the normal load per 
shoe is about 123,000 lb and its horizontal component is approxi- 
mately 78,000 Ib. The shaft is held concentrically by the hori- 
zontal components of-the thrust load acting radially at each shoe. 
The babbitt surface area of each shoe is 261 sq in. and loading 
per unit area is 472 psi. 

At the normal operating speed of 450 rpm the average mini- 
mum film thickness along the trailing edges of the shoes is 0.0026 
in. under the loading cited. When a horizontal load comes on the 
bearing the shaft can move sidewise due to the slight decrease in 
oil-film thickness at the more heavily loaded shoes. A side load 
of 10 per cent of the vertical thrust will decrease the minimum 
film thickness 0.0004 in., or 15 per cent. Twenty per cent side 
load will decrease the minimum film thickness 0.0006 in. or 24 
per cent, and 40 per cent side load will cause the normal minimum 
film thickness to decrease. somewhat less than 0.001 in. or about 
36 per cent. Sidewise movement of the shaft is approximately 
the same as the change in minimum film thickness, from which 
it follows that the shaft is held very close to a central running 
position, even under appreciable side loads. 

Total frictional power loss at full load and speed due to oil- 
film shear is 175 hp. This is about the same as the combined 
frictions of the corresponding flat thrust and cylindrical guide 
bearings. The frictional heat is removed by a cooling coil con- 
sisting of approximately 1000 ft of 1!/s-in-diam copper tubing. 
Oil is circulated around the cooler by means of a centrifugal 
pump consisting merely of two opposite holes drilled in 
the runner at an angle. At 450 rpm the peripheral speed of the 


5 Service Manager, Kingsbury Machine Works, Philadelphia, Pa. 
Mem. A.S.M.E. : 
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51= DIAM KINGSBURY 

SPHERICAL COMBINED THRUST 

AND GUIDE BEARING FOR THE 
NANTAHALA MACHINE 


Fic.10 SpHERICAL ComBinep THRUST AND GUIDE BEARING FOR THE NaNTAHALA MACHINE; 51 In. Dram 


runner is 101 fps or about 69 mph. Static pressure at the dis- 
charge ends of the pumping holes is 43 psi and about 35 gpm is 
circulated around the cooler tubes. This flow is increased by the 
centrifugal action of the runner surface on the oil in the spaces 
between the shoes. 

Clearance between the air-seal ring C and the removable 
thrust block D is so adjusted that oil is maintained in this space, 
thus sealing the bath against entrance of air. The inner air-sea] 
ring at the runner bore prevents air from entering the oil at that 
point. Due to these seal rings the top of the bath is clear and 
practically motionless. 

In the unlikely event that the shaft should ever rise, a cylin- 
drieal bronze guide bearing F is provided. Radial clearance 
between the outside diameter of the thrust runner and the guide 
bearing is 1/:5 in., hence this emergency bearing is practically 
frictionless in normal operation. 

Beneath the solid base ring F the bearing is provided with 
double insulation against shaft currents. A lead from the inter- 


base G makes it possible to test the insulation at any time. 

The principal advantages claimed for the spherical thrust bear- 
ing are as follows: 

1 The shaft is held in a concentric running position as if in a 
guide bearing of zero clearance. 

2 Any inaccuracies of the thrust block and ring key are com- 
pensated for by the permissible rolling action of the spherical 
runner. Movement so induced at right angles to the direction of 
motion would be of small amplitude and practically unresisted by 
the fluid oil film. Hence galling between thrust block and shaft 
and shaft throwout at the turbine bearing due to thrust-block 
inaccuracies are eliminated. 

3 The spherical bearing simplifies design of the thrust bracket 
by eliminating the cylindrical upper generator guide bearing and 
the special oil pump and piping usually required for its lubrication. 

4 The spherical bearing is so constructed that at zero speed 
the babbitt faces of the shoes are segments of a true spherical 
zone and will bear equally against the runner. Thus equal shoe 
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loading is inherent, no field adjustments of loading are necessary. 

5 The vertical center lines of bearing and shaft will intersect 
at the center of the runner sphere, but it is not essential that 
these center lines coincide. Hence equal shoe loading will ob- 
tain despite shifting of foundations and appreciable departure of 
the shaft from plumb. To obtain this self-alignment with a flat 
bearing requires the use of leveling-plate equalizing construction. 


J. F. Roserts.® This 60,000-hp Francis-type turbine, operat- 
ing under 925 ft net head, has set a new mark in American prac- 
tice for high-head reaction-type turbines. 

One point which strikes us as particularly important is the 
marked improvement which stainless steel shows as compared 
with either cast steel or rolled steel in resisting cavitation and 
scour erosion due to the high velocities under these relatively high 
heads. This further confirms data gathered in regard to cavita- 
tion of Kaplan and propeller-type wheels. Possibly the Euro- 
peans are right in their conclusions that it is well worth while to 
make the runners and some other vital parts entirely of stainless 
steel. In this particular case, had the runner, guide vanes, and 
facing plates been made of stainless steel, possibly all of the re- 
pairs required at the end of 2 years of operation might have been 
avoided. Until recently it has been impossible to secure a stain- 
less-steel runner in this country, but during the war several of 
the steel foundries have enlarged their stainless-steel casting ca- 
pacity and several stainless-steel runners are now being manufac- 
tured. It will be interesting to see whether or not these outlast 
their carbon-steel predecessors. 

The fact that stainless steel was used in the butterfly valve 
both as the seal ring on the disk and seat in the housing with ex- 
cellent results further confirms the data regarding its greater 
resistance to wear and erosion. While discussing the butterfly 
valve, the excellent streamlining on the downstream side of the 
disk so as to maintain practically uniform velocity as the water 
flows from the valve into the spiral casing deserves mention. 
The housing contracts rapidly so that there is no decrease in velo- 
city as the water leaves the area surrounding the disk, which in 
this case probably occupies from 25 to 30 per cent of the effective 
area in the valve. 

The company with which the writer is connected built a 30,000- 
hp impulse turbine of the double-overhung type for this same 
power company at about the time the Nantahala turbinewas built. 
The difference in efficiency of an impulse turbine as compared 
with the reaction turbine was more than expected. While the 
impulse turbine gave about 1 per cent higher than the expected 
88 per cent, or about 89 per cent, it still was over 41/> per cent 
below the 93.7 per cent obtained on the Nantahala turbine. Mr. 
Growdon and the other officials of the Nantahala Power Company, 
in discussing this difference, agree with the writer that if we 
had had as much experience with high-head reaction turbines 
at the time of building these plants, both plants, that is, Glen- 
ville as well as Nantahala would have been of the high-head 
reaction type. 

The tabulation showing the comparison in efficiency between 
the 22-in. model and the 85-in. Nantahala turbine deserves con- 
sideration, especially the increase of 9 per cent at half load from 
the model to the full-sized unit in the field. This is also one 
of the rare cases where the actual field tests showed a greater im- 
provement in the plant than is indicated by the Moody formula, 
as the Moody formula would show only about 92.5 per cent effi- 
ciency as compared with the 93.7 per cent actually obtained. 

While the Nantahala turbine is set with the center line of the 
spiral casing about 4 ft below the average tail water, the fact that 
serious cavitation noises occurred at loads slightly below rated 


6 Manager, Hydraulic Department, Allis Chalmers Manufacturing 
Company. Milwaukee, Wis. Mem. A.S.M.E. 
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capacity indicates the desirability of setting this type of turbine 
even lower in order to decrease such cavitation. Had this tur- 
bine been set some 4 or 5 ft lower than it actually was, we feel that 
the cavitation limit would have been materially improved, that is, 
larger capacity would be possible without cavitation noises and, 
undoubtedly, considerably less pitting and erosion would have 
shown up on the runner. 

The authors are to be complimented on the frankness of their 
discussion in placing this valuable information before the Society. 
There is no doubt that this paper will be beneficial to many other 
prospective users of this specialized type of hydraulic equipment. 


F. H. Rocurs.? This paper is of great interest to both the 
operating companies and the turbine manufacturers as the use of 
Francis turbines for heads of about 1000 ft is exceptional. The 
authors are to be congratulated on the frank description of the 
original difficulties experienced and the corrective methods used. 
The maximum efficiency obtained of 93.7 per cent is indeed a 
splendid record. 

As pointed out in the paper, the successful use of a Francis- 
type unit instead of the impulse type results in higher efficiency, 
higher speed, and lower cost. The difficulties to be guarded 
against are unstable operation, pitting due to cavitation, and 
wear of internal parts, caused by the extremely high velocities 
and abrasive materials in the water, and loss of the original effi- 
ciencies due to wear at the runner seals. 

An interesting comparison with the Nantahala turbine is the 
39,000-hp unit built by the writer’s company for the Ixtapantongo 
Development of the Comision Federal de Electricidad in Mexico. 
This unit was designed for a net head of 1028 ft at a speed of 600 
rpm. The specific speed is 20.3, only slightly less than the value 
of 21.6 given in the paper. 

In the Nantahala unit a radial clearance of about 6 in. was 
allowed between the wicket gates and entrance to the runner vanes 
to result in smooth flow from the gates into the runner. For the 
Ixtapantongo unit the corresponding clearance was about 21/2 
in. It is our experience that so large clearance is not necessary if 
wicket gates are so streamlined as to produce smooth flow, This 
smaller clearance results in decreased size of unit and lower cost. 

The authors describe how the heavy upward hydraulic thrust 
on the bottom of the gate stems caused a deflection of the upper 
flange of the crown plate, which permitted the top of the gates to 
rub the upper wearing plate, and this friction prevented sufficient 
gate closure to stop the turbine completely. 

This difficulty was avoided in the Ixtapantongo unit by extend- 
ing the lower gate stems through stuffing boxes in the lower cover, 
thus eliminating all upward thrust. 

The repairs made after 2 years of operation are of particular 
interest. It is noted that considerable wear occurred on the 
runner, throat ring, gates, curb, and crown-plate wearing rings 
and seal rings, and that these parts were repaired by welding the 
surfaces with 25-20 stainless-steel rods. 

In the case of the Ixtapantongo unit, the same carbon-man- 
ganese steel (S.A.E. 1045) was used for the wearing rings and 
seal rings, and the same bronze inserts in the stationary seal rings. 
This unit, however, has been in operation only about 18 months, 
but the power company reported that an inspection made after 
the first year of operation showed no appreciable pitting or wear 
of the internal parts. 

The authors speak of erosion or mechanical wear rather than 
pitting and the writer would like to know if this wear was caused 
by erosive action from sand or other abrasive materials in the 
water. It is noted that water is carried through an unlined pres- 


7 Manager, Hydraulic Turbine Sales, Baldwin Locomotive Works, 
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sure tunnel, which might result in foreign materials being present 
in the water. 
It has been our practice to use 18-8 stainless steel on the runner 
_yanes, gates, wearing rings- and seal rings to resist pitting rather 
than the higher chrome-nickel materials. We understand that 
recent tests made at the Massachusetts Institute of Technology 
indicated that a 17-7 stainless steel showed greater resistance to 
pitting than the higher combination of chrome and nickel. 
It is quite possible that the 25-20 stainless steel used at Nan- 
tahala has a higher Brinell hardness and will stand up better 
where sand is present under these extremely high velocities. We 
would like to have the authors’ opinions on this matter. 
The efficiencies obtained on the field test as compared to the 
model test are unusual, as at best efficiency the prototype shows 
93.7 per cent and the model 89.5 per cent; a gain of 4.2 per cent. 
The well-known Moody formula’ would show for the runner sizes 
and heads stated, a gain of 3!/, per cent for a coefficient of n = 
0.25, and a gain of 2%/, per cent for a coefficient of n 0.20. 
The gain at part loads of 6 to 9 per cent over the model efficiencies 
is even more unusual, as such gains are rarely higher than at the 
maximum efficiency. Our company is of the opinion that the 
exponent n = 0.25 results in too high an efficiency for the pro- 
totype and is now using the value n = 0.20. 


R. E. B. Swarr. An efficiency of 93.7 per cent with a specific 
speed of 21.6 represents an important advance in hydraulic- 
turbine performance. Surrounding conditions, justifying large 

units of the Nantahala characteristics are rare, and unfortu- 
nately the conducting of field tests of such units is even rarer. 

It is gratifying for those interested that the Aluminum Com- 
pany has seen fit to test not only the Nantahala unit, but also 

~ four of the Shipshaw units as well, three Allis-Chalmers, and one 
S. Morgan Smith, with water measurements by the Gibson 

method and all with excellent efficiencies. The Smith unit at- 
tained a maximum efficiency of 93.6 per cent and was one of four 
built by S. Morgan Smith, Canada, Ltd. 

The Ixtapantongo unit, which was designed under the writer’s 
direction and built by The Baldwin Locomotive Works for the 

~ Comision Federal Electricidad of Mexico, has, regrettably, not 

been field-tested. This unit is also of the Francis type, with a 

~ rating of 39,000 hp under a net head of 1028 feet, with a specific 
speed at rated power of 21.8. It was put into operation during the 
summer of 1944, and therefore does not have as long a case his- 
tory as the Nantahala unit. 

In an effort to predict, on the basis of the Nantahala perform- 
ance, the maximum efficiency which might be attained from a 
runner of still lower specific speed, the writer, in Table 1 of this 
discussion, has made a comparison of those estimated losses 
which vary most greatly with specific speed. 

The disk losses include only the external runner surfaces, 

- both of the crown and band. The Unwin formula 


2.07 X 10- X rpm? X diam in ft® 


was used. For the surfaces which depart from a disk shape a 


8 Moody formula: 


n 0.0L 
Ey = 100 — (100 — Em) (72) x Zn) 
Pp 


Hp 

where : 

E, = efficiency of prototype 

Em = efficiency of model 

Dy = runner diameter prototype 

D, = runner diameter model 

Hp = effective head on prototype 

Hm = effective head on model 


9 Consulting Engineer, S. Morgan Smith Company, York, Pa. 
. Mem. A.S.M.E. 


. 


699 


TABLE 1 COMPARISON OF ESTIMATED PERFORMANCE OF 
VARIOUS HYDRAULIC-TURBINE RUNNERS 
Hypothetical 
Shipshaw Nantahala Pani 
Specific speed at best efficiency . 44.3 21.6 15 
Speed, cp ui eretseh a eit e etehate: clei 128.6 450 450 
Poad ft. cecck eee ee 208.0 925.0 925.0 
Horsepower at best efficiency.. 74000 60000 29000 
Diameter of runner, entrance, 

BI are paleo es winoniayace eiere seis ele 54 85 85 
Diameter of top draft tube, in... 159.75 59.5 46 
Radial clearance at seals, in... . 0.0625 0.015 0.015 
Disk loss, per cent........... 0.785 1.340 2.780 
Clearance loss, per cent.......- 0.578 0.650 1.007 
Draft-tube loss, per cent...... 0.875 0.327 0.214 
Shock loss at entrance, per cent 0.426 0.219 0.146 

2.664 2.536 4.147 


summation of small divisions was made. The clearance losses 
were obtained by determining the velocity head at the seals and 
deducting this from the head acting, using a coefficient of 0.5 
through the area and allowing for the reduced head on the seals 
due to the centrifugal effect between the runner periphery and the 
seal location. The authors may be able to state the measured 
Nantahala clearance loss. The draft-tube losses were calculated 
assuming a draft-tube efficiency in all cases of 80 per cent. The 
shock losses are on the assumption that one tenth of the radial 
velocity head entering the runner is lost. All losses were calcu- 
lated at best efficiency. While the aggregate losses not included 
in this comparison amount to more than the sums of those in- 
cluded, it is believed that this comparison gives a fair indication 
of what efficiency might be expected from a Francis turbine of still 
lower specific speed for possible use with an appreciably greater 
head than 1000 ft, that is, something over 92 per cent for such 
conditions would be in order with a runner of about 85 in. diam. 
An account” has been given of a unit of Escher Wyss design which 
attained from field test an efficiency of 91.4 per cent when de- 
veloping 16,000 hp under a head of 918 ft, at a specific speed of 
15.07. The diameter of this runner was only 70 in. 

The introduction of 80 gpm of clear water into the seals is an 
interesting feature, but the small amount used leads the writer to 
question the advantage gained thereby as a means of protecting 
the seal rings from the passage of foreign matter. Possibly the 
original reason for the introduction of this water was in connec- 
tion with synchronous-condenser operation. 

One of the principal advantages in obtaining well-conducted 
field tests, to the turbine designer, is the comparison thereof 
with the model performance, as this is the yardstick for use in 
future guarantees and designs. The Nantahala field test is unusual 
in that the step up in efficiency is so great. The Moody formula 
on the basis of the losses varying inversely with the one-fourth 
root of the runner diameters would result in a field efficiency of 
92.5 per cent. A field efficiency of 93.7 per cent corresponds with 


1 . 
an exponent of about a6: Possibly one reason for the large in- 


crease might be in the relatively large model seal clearance. 
For this value to be homologous on the model it would be 


2 
0.015 X = = 0.0039 in. 


which is an impracticably small value. 

On the lower portion of Fig. 11 of this discussion is shown the 
model curve as compared with the field, as plotted from the data 
in the authors’ paper. It is noted that the guarantees at part 
load are disproportionately higher than the model curve which 
falls off quite rapidly. Further information in regard to this point 
would be of interest. 

On the upper part of Fig. 11 a comparison is given of the 
Shipshaw field and model tests of the Smith unit tested. In this 


10“‘Vemork Reaction Turbine Operates Under 918-Ft Head,” 
Escher Wyss & Company, Power, vol. 73, Jan.-June, 1931, p. 630. 
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instance the 19.5-in-diam model attained 89.6 per cent efficiency. 
The Moody formula steps this up to 93.8 per cent field 
efficiency, which agrees quite closely with the actual value of 
93.6 per cent. Both the Shipshaw and Nantahala field tests show 
satisfactorily high part-load efficiencies, with the Nantahala values 
somewhat higher if they are both brought to the same percentage 
of load for maximum efficiency. 

The authors make no mention of presence or absence of foreign 
matter in the water, but it would appear that there is some 
abrasive matter present, and possibly some degree of acid content. 
The writer had occasion to examine the seals of Units N5 or N6 
at Boulder after about a year of operation under a head above 500 
ft, and found the clearances on the average slightly less than 
when the units were installed, due to the deposit, in some places, 
of verdigris on the white brass inserts in the stationary rings. 
The Boulder water was, during this period, exceptionally free from 
abrasive matter. 

The substitution on the Nantahala turbine, of stainless steel 
on the stationary wearing ring for bronze, while showing gratify- 
ing results from the standpoint of maintained low leakage loss, 
appears questionable to the writer from the standpoint of safety, 
during possible runaway speed. Assuming a runaway speed of 
725 rpm, which is believed to be conservative, calculations 
made indicate an expansion at this speed of about 0.008 in. on the 
radius, leaving 0.008 in. as the clearance under that condition or a 
possibility of this being reduced to 0.003 in. if the shaft swings to 
its extreme position in the bearing. Even though the rotating 
and stationary seal surfaces are not subject to galling, the pres- 
ence of two broad surfaces of hard metals under this admittedly 
abnormal condition might result in violent seizure due to heating 
after contact. In view of the excellent resistance of stainless 
steel for these surfaces, as brought out by the authors, labyrinth 
seals of this metal along the lines used in steam-turbine design 
might be a good solution from all standpoints. 

On the Ixtapantongo unit mentioned the lower gate stems 
extended through stuffing boxes in the bottom, or curb plate, 
and were of the same diameter as the upper stems. This was 
for the purpose of avoiding the heavy upward thrust on the stems, 
and also of avoiding the loss of grease due to water passing under 
the lower ends of the stems and forcing the grease upward on the 
sides of the stems nearest the runner. 

The writer wishes to congratulate Mr. Terry on the excellent 
design and performance of the Nantahala turbine, and all of the 
authors on the frank manner in which they discuss the difficulties 
encountered. This attitude is of distinct long-range benefit 
both to manufacturers and users. 
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AutHors’ CLOSURE 


The extent and quality of each of the several discussions is 
greatly appreciated by the authors. These discussions add 
greatly to the value of the paper. 

While the spherical Kingsbury thrust bearing is installed on 
the generator, it is of course an essential part of the turbine as 
well. Mr. Needs’s description of the design and construction of 
this bearing is most interesting and timely. So far, the bearing 
has functioned perfectly and we would definitely favor its use for 
hydroelectric units. 

Mr. Roberts has misinterpreted the statement in the paper 
with respect to cavitation noises in the draft tube, since these 
noises only occur at loads above rather than slightly below the 
rated load for the various heads. The turbine operates regularly 
at between 45,000 and 46,000 kw under a net head of 951 ft 
without cavitation noises in the draft tube. 

Several of the discussers raised questions relative to the pres- 
ence of abrasive materials or acid in the water. The tunnel is 
It is unlined except 
near the portals. It was thoroughly cleaned and washed out 
before being filled. The washing removed most of the rock dust 
and small gritty particles. Some rock dust remained and was 
taken out by the water during the first few hours of operation. 
The water velocity in the unlined section of the tunnel at full load 
is approximately 4.75 fps, which is insufficient’ to transport loose 
material through the tunnel. Practically no rocks or sand have 
been found in the rock catcher, which is located at the end of the 
unlined tunnel just before the water enters the steel penstock. 
Except for the first few hours of operation, we believe that no 
sand or rock dust has passed through the turbine. 

The drainage area is generally heavily wooded, with oak trees 
predominating. The water from this drainage area is therefore 
slightly acid. It does not affect the rate of corrosion. 

The runner seal-ring clearances for the turbine model were 
0.008 in., or relatively twice as large as for the main unit, which 
partly accounts for the large step up in efficiency, particularly at 
the lower percentages of output. 

While the bulk of the welding with stainless was done with a 
25-20 rod, some repair work was done in the field using 18-8 
and 17-7 rods. These three grades of stainless rods have appar- 
ently stood up equally well in the field. 25-20 was selected be- 
cause of the manufacturer’s experience with the application of 
this grade. The resulting deposit, is, of course, diluted by the 
parent metal in any case, dilution varying somewhat with weld- 
ing technique. The 25-20 rod is quite readily applied, and the 
resulting weld is somewhat more ductile than the other two. 

The 80 gpm of cooling water supply to the runner seal rings 
was intended for use if the unit was operated as a synchronous 
condenser and not for the exclusion of any foreign matter. The 
unit is not, however, used as a synchronous condenser but the 
operators make a practice of turning on the seal water just before 
starting the machine. ‘The supply valves are left open as long 
as the unit is in operation. The actual necessity for this proce- 
dure is questionable but it is certainly on the safe side. The seal 
supply pressure is limited. Consequently, the supply line is pro- 
vided with a check valve to keep the water from backing up in the 
line as the turbine wicket gates are opened and the pressure builds 
up in the seal spaces. : 

The Ixtapantongo unit described by Mr. Rogers is of considera- 
ble interest. Experience with that unit for the first year closely 
parallels that of the Nantahala Unit. It was only after two 
years of operation at Nantahala that the extent of the wear with 
the carbon steel was appreciated. In other words, carbon steel 
stands up satisfactorily under this head for a limited time but it 
is the authors’ opinion that stainless is needed for long-time 
trouble-free service. 


ry 


New Developments in Combination Controls 


By J. W. KELLY,! BURBANK, CALIF. 


This paper deals with combination controls, which pre- 


sent advantages of weight and cost saving which in recent 
_ years have been greatly enhanced by the dependability and 


ruggedness which can be built into them. 


Small electric 


motors, developed for aircraft-accessory operation, have 
permitted the construction of motor-operated valves. 
Both solenoid- and motor-operated valves now give the 
aircraft designer a wide choice of control characteristics. 
New methods and improvements in older types of follow- 


up systems for hydraulic controls are discussed in the 


| paper. 


_ 


INTRODUCTION 


( bse onteyor between mechanical, hydraulic, and elec- 
trical modes of actuation has, through the last few years 
in the aircraft industry, produced certain results that 

would probably not have been obtainable otherwise. 

After maximum efficiency with minimum weight had been ob- 
tained from each separately, it became obvious that combinations 
of the mechanical, hydraulic, and electrical systems, utilizing the 
best of each, would produce results heretofore unobtainable. 


Hypronic Units 


Realizing this condition, the author’s company undertook a 
program several years ago of developing what we term “hy- 
dronic” controls (hydraulic-electrical combinations) and various 
mechanical-hydraulic combinations. 

Solenoid Valves. The first of the hydronic units (the electrical- 
hydraulic combination) to be developed were the solenoid- 
operated selector valves. The field of available solenoids was 
thoroughly covered for possible standard units usable to operate 
selector valves. Unfortunately, none was found that came within 
our weight expectations; therefore a series of developmental sole- 
noids were made. The results of tests on these solenoids set up 
the general type of solenoid to be used for valve actuation. One 
of the first solenoids put into production is the one shown in Fig. 
1, which, with a weight of 21 02, gives a pull of 60 lb over a stroke 
of 4/s in. at 18 volts. This solenoid was designed for intermit- 
tent operation and would reach a maximum temperature of 
250 F after several hours of continuous operation. 

Still not satisfied with the original solenoids, attempts were 
made to reduce the weight further. Finally a double-coil ar- 
rangement was worked out with a primary and secondary coil. 
When the solenoid is first energized, both coils contribute to the 
pull. The plunger, upon reaching the end of the stroke, operates 
a switch as shown in Fig. 2, interrupting the current to the pri- 
mary coil, allowing the secondary coil to apply a holding pull. 
Thus an instantaneous high-amperage input operates the valve; 
and the secondary coil, with low-amperage input, taking advan- 
tage of the principle that pull increases inversely to the air gap, 
holds the valve in the desired position. This type of solenoid 
gives an exceedingly high pull with a minimum of weight. 


1 Chief Engineer, Adel Precision Products Corporation. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Aviation War Conference, Los Angeles, 
Calif., June 11-14, 1945, and at the Annual Meeting, New York, 
N. Y., November 26-29, 1945, of Tam Amprican Society or Mu- 
CHANICAL ENGINEDRS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 


. of the Society. 
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Fie. 2 


Improvep SOLENOID DresicnN; WeicuT 15 Oz 


Having developed a suitable solenoid, a valve had to be de- 
signed to utilize the high-pull and short-stroke characteristics of 
the solenoid. One of the first solenoid valves built by the com- 
pany used a rocker arm but did not require a neutral position. 
A 30-lb spring loads the rocker arm in one direction; the solenoid 
pulls 60 lb, thus 30 lb is available in both directions. 

Fig. 3 indicates a valve having a rocker arm operated by dual 
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Fic. 3 Soxienor-Oprratep SELECTOR VALVE, INCORPORATING 


RockER ARM 


solenoids. This valve requires a neutral position; therefore two 
of the double-coil solenoids are utilized with one solenoid being 
energized for one position and the other solenoid for the other 
position. When neither is energized the valve is in neutral. On 
this valve an emergency override lever is added to allow for me- 
chanical actuation in case of electrical failure. 

In order to simplify design, over-all cost, and weight, a third 
type of actuation, as in Fig. 4, was developed which eliminated 
the need for a rocker arm. Because of the pressure and return- 
poppet arrangement it is possible to get a 4-way-valve action by 
lifting two adjacent poppets at a time; thus as shown in this 
illustration, a crossbar is put between these two adjacent poppets 
with the solenoid pulling on this crossbar. On this type of de- 
sign manual actuation is easily provided. 

Various types of valves for operating pressures of 1500 and in 
some cases 3000 psi, including the shutoff, 3-way and 4-way, 
have been designed for solenoid actuation having single solenoids, 
utilizing spring returns or double solenoids with and without 
rocker arm. 

Electric-M otor-Actuated Valves. The advent of small inex- 
pensive electric motors allows motor-operated valves to become 
competitive with solenoid-operated valves. Although the cost of 
the motor-operated valve is slightly higher at present, proper 
production engineering on either motor or solenoid valves may 


Fic. 4 So.enoip-OreraTED SELECTOR VALVE; CROSSBAR 
Repiaces Rocker ARM 


give either the cost advantage. Over and above cost considera- 
tion, performance requirements may dictate the use of either 
mode of actuation in that both have advantageous characteristics 
for particular applications, 

Solenoid actuation has the advantage over motor actuation in 
conventional selector valves requiring a neutral position. Limit 
switches are required to obtain a neutral position in motor-oper- 
ated valves; whereas, it is a natural function with solenoid- 
operated valves. Obviously, this advantage is lost to solen- 
oid actuation on valves requiring no neutral position. 


Emergency manual override is easier to obtain on the sole- 


noid-operated valves, due to the free movement allowed in a 
solenoid when the current is not energized. A manual override 
on a motor valve leads to complications in design. Solenoid 
valyes have the advantage where fast actuation is required, 
operating in a fraction of a second, whereas the time of motor- 
operated valves is usually measured in seconds. This applies, 
however, to direct-connected conventional poppet-design sole- 
noid valves and not to pilot-operated valves which are inclined 
to be somewhat slow and erratic in operation. 

Extremely high starting loads, usually obtained in the larger 
valves, are handled more effectively by motors which give out 
high initial torque as against the low initial torque of a solenoid. 

A motor-operated valve can be readily designed to stay in 
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- either extreme position without being energized, whereas a sole- 
noid requires continuous energizing to hold its position, unless 
_ locking mechanism is provided. 


In the weight-comparison graph shown in Fig. 5, solenoid 


valves are seen to be lighter in the smaller sizes than motor- 
operated valves, with the lines crossing slightly above the 1/2-in- 
size valves. Above '/2-in-line size, the motor-operated valves 
have definite weight advantages. 

Power Package. The power package, a combination of elec- 
trical and hydraulic units, has provided the industry with an- 
other unit of extreme versatility with weight saving. Several 
years ago, when the need presented itself for a valve actuator 
required to hold the valve in extreme positions for a protracted 
period of time, the device shown in Fig. 6 was developed. An 
electrical-mechanical actuator, originally contemplated, pre- 
sented overheating problems when held in a stalled position. By 
utilizing a small electric-driven gear pump, taking fluid from the 
return side of the valve, a simple reversible pump-and-cylinder 
combination was worked out, providing easy actuation of the 
valve with a minimum of weight. No overheating problems were 
present due to the built-in leakage in the gear pump and the 
cylinder. 

This device led to the development of a power package for 
actuation of landing gears and flaps for light aircraft. This 
unit combines a motor-driven gear pump, submerged in the hy- 
draulic reservoir; the reservoir is surrounded by a glass tube, 
allowing visual inspection; an integral selector valve allows 
positioning; by-pass valve avoids any possibility of overflowing 
the reservoir; and a built-in relief provides adequate thermal 
protection. This unit weighing 48/4 lb, dry, has an output of 
1/. gpm at 300 psi operating pressure. 
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Fic. 5 Revative WeIGHTS 
(Manual, solenoid- and motor-operated 4-way selector valves.) 


Fic. 6 Exuxrcrricat-Hypravutic AcTUATOR 


Later requirements for a heavier-duty unit dictated a slightly 
sturdier design as shown in Fig. 7. Designed primarily for emer- 
gency power stand-by, it incorporates a motor, pump, reservoir, 
relief, and pressure and return ports. The glass-reservoir cover 
is replaced by a casting, with fluid level being easily determined 
by the use of a dip stick. Provision is made for the adaptation 
of the Adel Stacking Midget? (a manifold-type selector valve), 
thus a package unit can be obtained incorporating a motor, pump, 
reservoir, relief valve, auxiliary pressure and return ports, and/or 


2“Hydraulic Control Standardization,” by J. W. Kelly, Aero 
Digest, vol. 41, Dec., 1942, pp. 211-212, 215-216, 218, 276, and 279. 


1, 2, 3 or more selector valves. This unit gives 800-psi output 
at 0.7 gpm with !/; gal capacity for 11 lb weight, dry. 

Another problem, somewhat different from the others, led to 
the development of the pump-and-tank combination which 
forms the basis of a power package. Difficulties in pumping oil 
at 35,000 to 40,000 ft altitude led to this particular pump design, 
which shows no cavitation effects at high altitude under high- 
or low-temperature conditions. The unit has a pump, motor, 
reservoir, with a built-in relief; selector valve, and other hy- 
draulic components can be added to produce a power package 
which gives 6-gpm flow at 1000 psi with a weight of 37 lb. The 
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Fic. 7 HigH-AitirupE Pump 


weights of the power packages are plotted against output hy- 
draulic horsepower in the curve, Fig. 8. It is interesting to note 
the slope in the horsepower ratings below the 1-hp point. 


Power Posirion CONTROLS 


The need for combination controls is definitely brought out in 
the field of the power position control. Utilizing hydraulic power 
as the desirable power source, three different types of follow-up 
systems which allow the utilization of efficient power position 
control will be discussed. 

Mechanical Follow-Up. A simple mechanical follow-up system 
applied to hydraulic 4-way valves is shown in Fig. 9. We have 
developed several planetary-gear follow-up systems; but find that 
this walking-beam system, through sheer simplicity, has much to 
offer. The walking beam provides a simple follow-up mechanism 
on a sensitive rocker-arm-type selector valve. Movement of the 
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master or control lever, opens the valve which in turn operates 
the power cylinder; displacement of the follow-up mechanism 
shuts off the valve when the cylinder reaches the désired position. 
Being of a simple and straightforward type, motoring and hunt- 
ing and other difficulties usually present in power position 
controls, are absent. 

Hydraulic Follow-Up. Another method, shown schematically 
in Fig. 10, utilizing the “Adel isodraulic” system, has a hydraulic 
follow-up. It offers many advantages in weight saving, installa- 
tion, simplicity, and smooth operation. It consists basically of 
three cylinders in parallel; cylinder 1 forming the master unit, 
cylinder 2 the valve-operating unit, and cylinder 3 the follow-up 
unit. 

Working on the principle that with three cylinders in parallel, 
one being held, the second being moved, the third will move 
an amount equivalent to the first. Thus the follow-up cylinder 
is held by the power cylinder. As the master cylinder is moved, 
the second cylinder operates the 4-way valve which in turn ap- 
plies pressure to the proper side of the power cylinder. Move- 
ment of the power cylinder operates the follow-up cylinder which 
automatically shuts off the valve when the desired position is 
reached. 

Electrical Follow-Up. Utilizing the electric control on hy- 
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draulic power, through the medium of a solenoid 4-way valve, 
another type of power-position-control combination is presented. 
Fig. 12 shows such a hydronic follow-up system. The master 
potentiometer upsets a bridge relationship with the follow-up po- 
tentiometer; thus the relay control box actuates the solenoid 
valve which in turn allows the cylinder to go to the desired 
position at which the follow-up potentiometer shuts the valve 
off. 

“Hydronic” system, for long distances, is the lightest of the 
three, as shown in the graph, Fig. 13. Up to around 50 ft dis- 
tance, the isodraulic position control enjoys weight advan- 
tages; and below 20 ft distance the mechanical system is the 
lightest. 

Other factors, however, invariably enter into the follow-up 
choice. Actual position indication and system “‘feel” are na~- 
turally obtained in the mechanical and isodraulic; whereas, no 
feel is obtainable in the hydronic. Long distances are easiest 
to install with the hydronic, with the isodraulic coming second, 
and the mechanical third. The isodraulic and mechanical 
follow-up systems are self-contained and not dependent upon 
any outside source of power for actuation and followup; 
whereas, electrical power is required for hydronic operation. 
Multiple installations are easier to obtain electric-wise, re- 
quiring only slight revisions in circuits. For utmost sim- 
plicity and comprehension, when servicing.in the field, the 
mechanical would rate first; with isodraulic second; and 
hydronic third. 


CoNCLUSION 


Combination controls have presented many features which 
have and will be used to weight- and cost-saving advantages in 
the future as well as in the past. Actual manufacturing experi- 
ence and operation of solenoid valves over the past several years 
have given much desirable and worth-while knowledge which al- 
lows us to design into these units more dependability and rugged- 
ness than originally conceived. 

Utilization of small electric motors, currently being supplied 
on other aircraft devices, has allowed us to design and build de- 


Fig. 11 Execrricat on Hypronic Fottow-Up System 


pendable motor-operated valves. Both solenoid- and motor- 
operated valves appear to be permanently in the picture and give 
the aircraft designer a wide choice of characteristics from which 
to choose. 

The power package is beginning to come into its own; and as 
further improvements are made, weight-savings and operational 
advantages will become more and more apparent. 

New methods and advancements of old methods on follow-up 
systems for hydraulic controls, utilizing basically mechanical, 
hydraulic, and electrical combinations, give to the industry ver- 
satility with smooth hydraulic power. | 
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rated torque, an electric motor 
should be used to drive the load directly. This will result in 
minimum weight and maximum efficiency. On the other hand, 
if a very high torque load must be driven, hydraulic power can 


be advantageously applied by the use of the combination power 


package. 

As an example, a split series-wound motor driving a screw jack 
could be directly substituted in place of the solenoid 4-way valve 
and hydraulic cylinder shown in Fig. 12. 

Hydraulic power is most suitable for storing energy,:as in 
power-boost systems and for hydraulic brakes. 

Thus we may conclude that for minimum weight and maxi- 
mum dependability all factors should be considered, and hy- 
draulic power used only if it gives the most desirable results. 


AuTHOR’s CLOSURE 


In this paper the author has tried to avoid the controversial 
argument of hydraulic versus electrical modes of control. How- 
ever, the author’s assumption that hydraulic is the more desirable 
power source is further emphasized by Mr. Gund, and the argu- 
ments on the relative weight values of hydraulic and electric 
systems should be considered along with the many other factors 
involved before deciding which is the more desirable as a system. 


3 General Electric Company, Schenectady, N. Y. 
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The Effect of Measurement Dead Time in the 


Control of Certain Processes 


By D. P. ECKMAN,! PHILADELPHIA, PA. 


The purpose of this paper is to report on a series of auto- 
matic-control tests which demonstrate the importance 
of instantaneous controller-mechanism response in self- 
balancing potentiometer controllers. The automatic- 
control tests were made with both two-position and pro- 
portional-reset control. Other tests, dealing with the 
importance of measurement dead zone of the controller, 
are included, noting the relation between dead zone of 
- measurement and dead time of controller response. 


INTRODUCTION 


NE of the most important factors in automatic control of 
industrial processes is the manner in which the controller 
mechanism responds to changes in the measured variable. 

This measuring lag, as it is often called, forms an extensive part 
of the input-output controller-response relationship. 

Generally, the factors of measurement dead time and dead 
zone are neglected in process-control analysis, particularly in 
mathematical analysis where their inclusion results in complica- 
tions of a high order. Therefore it seems desirable to investi- 
gate the effect of these factors in automatic control in order to 
aid in the application of theoretical or empirical data to control 
problems. 

Potentiometer controller mechanisms which incorporate 
continuous rather than periodic principles of rebalancing provide 
an opportunity for comparison test of these types of measuring 
means. Under simulated control conditions it is possible to 
analyze the dynamic action of the control system and the ef- 
fectiveness of continuous measurement. 

The measuring lag of a temperature controller is composed 
of two main parts: the lag of the primary element, and the lag 
of the controller detecting mechanism. It is this second part of 
the measuring lag, that due to the detecting mechanism, which 
we wish to study. For purposes of discussion we may classify 
the many methods of operation of self-balancing potentiometer 
controllers under two general types, i.e., periodic action and 
continuous action. A periodic-action potentiometer (recording 
type) is generally identified by a periodic mechanical system for 
detecting the position of a galvanometer pointer. When an 
unbalance of voltages is produced by a change in measured 
temperature, the detecting mechanism determines the amount of 
unbalance and drives a voltage divider or slide wire to balance 
against the new value of measured voltage. The periodic-action 
potentiometer is in wide general use for both measurement and 
control of process variables. 

The continuous-action potentiometer (recording type) is 
generally identified (1)* by the use of continuous uninterrupted 


1 Development Engineer, The Brown Instrument Company. Jun. 
A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Industrial Instruments and Regulators Divi- 
sion and presented at the Annual Meeting, New York, N. Y., Nov. 
26-29, 1945, of THp AMERICAN SOCIETY OF MeEcHANICAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


drive means, usually electronic, for obtaining the balance of 
measured against standard voltages. The use of continuous 
action in potentiometer balancing eliminates any lag due to a 
rebalancing mechanism, and avoids periodicity whereby a small 
dead time may elapse before changes in controlled temperature 
can be detected. 


Tests Wirn Two-Position ContTROL 


In order to determine the effect of dead time in the measuring 
system, it is desirable to conduct tests of two-position control. 
By this means all extraneous factors may be eliminated from 
the tests of automatic control. Processes were selected on the 
process-analog control board (2) by using various combinations 
of capacitance, resistance, and dead time. 

The reaction curves for the processes to be tested are shown in 
Figs. 1 and 2. A reaction curve is determined by setting the 
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valve position and allowing the measured variable to balance. 
A small sudden movement of the valve to a new fixed position 
will result in gradual inerease of the measured variable to a new 
balanced value. The resulting time rate of change of the meas- 
ured variable is the reaction curve. All processes indicate that 
self-regulation is present. Although the reaction curves are 
shown for only one direction of change, it may be assumed that 
the negative change produces a similar curve. 

Process No. 1, shown in Fig. 1, is essentially a single-capacity 
process with a time constant of about 6 min, which is the time 
required to achieve 63 per cent of final value. Process No. 2 is 
identical in characteristics except that a dead time of 0.1 min 
was introduced between controller action and resultant valve 
movement. 

Process No. 8, shown in Fig. 2, is a two-capacity process and 
thus involves slight transfer lag as can be noted by the slower 
initial rate of change on the reaction curve. Process No, 4 is 
identical in characteristics except that a dead time of 0.25 min 
was introduced between controller action and resultant valve 
movement. 

Each process analog was connected, in turn, to the potentiome- 
ter controller. Each potentiometer controller, a periodic-action 
type and a continuous-action type, was fitted with both pneu- 
matic and electric two-position ‘on-off’ control. Pneumatic 
control was accomplished through a pneumatic diaphragm mecha- 
nism. The proportional band (throttling range) of the pneu- 
matic on-off controllers was 0.6 per cent of controller scale. 
The on-off pneumatic controller is not actually a two-position 
controller but is a proportional controller with a very narrow 
band. This controller, however, is commonly termed on-off. 
Hlectrical control was arranged so that the control contacts 
directly actuated the energy supply to the process. The dif- 
ferential gap of both electrical on-off controllers was 0.05 per cent 
of controller scale. 

With all process and controller combinations, a cycle of con- 
trolled variable was recorded. The resulting control cycle is de- 
scribed in Table 1 which shows amplitude, and Table 2 which 
shows period of cycle of the controlled variable. 


TABLE 1 AMPLITUDE OF CONTROL CYCLE; PER CENT SCALE 
Potentiometer Type of ———— Process no. 
controller with control 1 3 4 
Continuous action Pneumatic 0,12 4.2 2,2 5.4 
Periodic action Pneumatic 1.80 4.6 4.2 (bre! 
Continuous action PDlectric 0.25 3.8 2.3 6.1 
Periodic action Electric 1.00 4.2 4.0 6.8 


TABLE 2 PERIOD OF CONTROL CYCLE; MINUTES 


Potentiometer Type of ——— Process no.— 
controller with control 1 2 3 4 
Continuous action Pneumatic 0.104 0.284 2.4 4.5 
Periodic action Pneumatic 0.50 0.80 3.7 5.0 
Continuous action Llectric 0.03 0,25 2.4 4.7 
Periodic action Electric 0.27 0.67 3.9 5.0 


; 4 Actually throttling to the extent that valve never completely opens or 
closes. 


The results shown in Tables 1 and 2 illustrate the improve- 
ment caused by eliminating the dead-time delay in the poten- 
tiometer measuring means. This effect is particularly notice- 
able in processes Nos. 1 and 3, where all dead time in the con- 
trolled system is concentrated in the measuring means. In proe- 
esses similar to No. 4 where considerable dead time exists in the 
process itself, the elimination of measurement dead time results 
in proportionately less improvement. 

Dead time existing in any portion of the controlled system re- 
sults in nearly proportional increase in amplitude. It is obvious 
that if automatic control is to maintain an adequate process bal- 
ance then dead time in the controlled system must be reduced to a 
minimum. 
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Applying the results of these tests to applications of automatic 
control, it is probable that in electrically heated furnaces and 
baths where the process lags are very small, the elimination of 
measurement dead time would result in much closer temperature 
control. 

On the other hand, when controlling the temperature of such 
processes as heat exchangers, where the process lags may be of 
minutes duration, the elimination of measurement dead time may 
bring no noticeable improvement, 

It is interesting to note that the measuring lag may be com- 
puted from the results of controlling process No. 1 with the 
electrical two-position controller. Here virtually all of the lag 
aside from the time constant of the process is associated with the 
potentiometer measuring means. Since in two-position control 
the period of cycling is about 4 times the total lag (3), then the 
measuring lag should be the period divided by 4. 

Thus the measuring lag calculates to be about 0.0075 min 
for the continuous-action potentiometer measuring means and 
about 0.0645 min for the periodic type. 


Trsts Wirn Proporrional-Reset Controu 


In order to demonstrate the effect of dead zone in thé measuring 
means, a controller may be applied to a process, and the devia- 
tion during a recovery from a load change may be expected to 
show differences depending upon the magnitude of dead zone (4). 
The dead zone is generally defined as the greatest range of scale 
values within which changes in value of the controlled variable 
are not detected. 

With self-balancing potentiometers, the width of dead zone is 
generally related to the construction of its detecting and balancing 
mechanisms. As one contributing factor, the width of dead 
zone is inversely proportional to the number of active convolu- 
tions of the potentiometer rebalancing slide-wire since the 
controller pen and controller mechanism are generally positioned 
to the convolution of the slide-wire nearest the balance point. 

The self-balancing continuous-action potentiometer used in 
the previous tests has 1600 active convolutions on the slide-wire 
(1). It was desired to test this same potentiometer with 800 and 
400 convolutions on the slide-wire, thus multiplying the dead 
zone by 2 and 4, respectively. . 

These arrangements were made by altering the mechanical 
relation between full-scale pen motion and slide-wire contactor 
travel, An oversize drum on the slide-wire driving shaft re- 
duced the amount of slide-wire contactor motion while maintain- 
ing the same pen motion. This change does not alter the respon- 
siveness of the potentiometer balancing motor to a given un- 
balanced emf, but reduces the amount of slide-wire contactor 
travel for the same pen travel when a rebalancing action occurs. 
The electronic voltmeter on the process-analog control board was 
then readjusted to maintain the same range of 0 to 5 volts for 
full-scale pen travel. 

The net result of these changes is to alter the number of slide- 
wire convolutions corresponding to a given pen travel while 
maintaining the same dynamic balancing action and the same 
seale calibration. 

Three processes were selected and are described in Figs. 8, 4, 
and 5. Process No, 5, described in Fig. 3, is a relatively simple 
process having a moderate reaction rate and slight transfer lag 
Process No, 6, described in Vig. 4, possesses a moderate reaction 
rate and appreciable transfer lag. Process No. 7, described in 
Vig. 5, has a fast reaction rate and slight transfer lag. In all 
tests only the dead time inherent in the system was present and 
no dead time was intentionally added. 

Hach process analog was connected to the potentiometer con- 
troller and optimum adjustments of proportional band and reset 
rate selected (5). 


A pneumatic proportional-reset type con-. 
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troller was employed for these tests. After the controlled vari- 
able had stabilized, a change in supply of energy to the process 
was made and the controller recovery curve obtained. 

The supply change was introduced by adding a bias voltage 
to the existing voltage supplied to the current-input unit on the 
process-analog control board. This is, in effect, a change of 
flow through the control valve caused by a variation in pressure 
drop and requires that the controller correct for this change. 
The control valve has 200 effective positions. 

The charts showing the recovery curves are reproduced in 
Figs. 6, 7,and 8. The results of these tests are given in Table 3. 


TABLE 3 RESULTS OF TESTS 
Maximum deviation for + 


Reset —supply changes——~ 
Prop. rate No. of effective 
Process band, per ——-convolutions——\ 
no. per cent min 1600 800 400 
5 45 0.8 11.2 jl are a6 
6 60 0.4 16.7 le KEvA 18.1 
7 25 3.0 10.0 10.4." S056 


As shown by the recovery curves in Figs. 6, 7, and 8, both an 
increase and a decrease in supply were made. The increase in 
supply results in a rise of the controlled variable before it is 
corrected by the controller, and a decrease in supply results in a 
fall of the controlled variable before it is corrected. The maxi- 
mum deviation was found by adding both the positive deviation 
and the negative deviation. In this manner various small 
nonlinearities in valve characteristics, process time-constant, and 
process lag may be averaged. 

The difference between the various maximum deviations from 
a supply change may be attributed to the different widths of 
measurement dead zone in each test. With a larger dead zone, 
a short period must elapse between the time when an actual 
change in measured variable begins and the time when the 
controller senses the change. Thus a measurement dead zone 
creates dead time. This delays the controller corrective action 
and allows greater deviation. 

The stability of control appears to be more cyclic when the 
dead zone is greater. With process No. 6 particularly, the re- 
covery curve shows that the proportional band should be slightly 
increased in order to maintain the same ratio of succeeding am- 
plitudes of cycling. There is an appreciably consistent lengthen- 
ing of period when the dead zone is greater. The apparent de- 
crease in stability of control and the lengthening of period of 
control points to the conclusion that an additional lag exists when 
the measuring means of the controller possesses a finite dead zone. 


ConcLUuUsION 


The brief test results given here illustrate the importance of 
measuring lag and measurement dead zone in automatic control. 
It is desirable to maintain measurement dead time as small as 
possible since it increases the quality of control, especially on 
such processes where all other lags are small. It is desirable to 
maintain measurement dead zone as small as possible since it 
increases the quality of control by accomplishing a reduction of 
dead time. 

It is evident that more investigation is required to establish 
further the relationship between each component part of measur- 
ing lag and the measurement dead zone. In most control prob- 
lems the effect of these factors cannot be ignored because of their 
influence on the quality of automatic control. 
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Discussion 


W. F. Hicxes.? The author has shown us the detrimental 
effect of “dead time” in process control and has presented some 
evidence on the effects of ‘dead space” in terms of slide-wire 
turns. The results are interesting because they confirm the 
conclusions reached in our own laboratory investigations and 
field work. 

It is difficult in practice to speak of dead time without 
bringing in dead space and vice versa because the two are so 
closely related. Let us assume we have a furnace at 1500 F. 
Let us further assume that with full heat on we have a heating 
rate of 5 deg F per min. Now if we have an instrument with a 
0 to 1600-deg scale range and 1600 slide-wire turns, each turn will 
represent 1 deg, that is, the instrument will have 1 deg dead 
space. With a 5 deg per min change of temperature, the instru- 
ment should move every !/; min and can hardly be much better 
than a periodic instrument with a dead time of 1/; min and 
could be expected tobe inferior to a periodic instrument with the 
usual period of !/, to?/;0min. It might be added that the figures 
quoted represent an actual furnace installation. 

In comparing measuring instruments the author has de- 
scribed two types, the so-called continuous and the periodic. 
Actually there are at least four types. There is the periodic type 
described by the author, which has dead space due to slide-wire 
turns and dead time due to its periodic balancing action. There 
is another type which has dead time but not dead space, since 
the slide-wire serves only to set the control point, and the control 
mechanism operates directly from the galvanometer deviation. 
This type is nonrecording but has been very successful as a con- 
troller. There is the “continuous” type, cited by the author, 
which eliminates dead time by its continuous action but which 
still has the dead space due to slide-wire turns. There is finally a 
fourth type which has inherently neither dead space nor dead 
time, the dead time being eliminated by the same type of con- 
tinuous balancing as in the previous case, dead space being 
eliminated by the substitution of stepless balancing for the 
conventional slide-wire. 

The author has stated thai the elimination of dead time is of 
greatest value where process lags are small and may bring no 
noticeable improvement where lags are large. This is undoubt- 
edly correct although it should be realized that the typical ther- 
mal processes of inconsequential lags such as heat-treating fur- 
naces have in general relatively slow maximum rates of tempera- 
ture change so that dead time may be much less objectionable 
than dead space. 

The really interesting cases would appear to lie in the exten- 
sion of electronic controls of these general types to problems in- 
volving pressure and flow control. There are at present several 
makers offering units to convert pressure and differential pres- 


3 Foxboro Company, Foxboro, Mass. 
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sure into electrical values such as resistance which can then be 
measured on the type of instruments described. Since pressure 
and flow controls are normally characterized by very small lagsand 
in many cases also by very rapid changes, the value of a truly 
continuous instrument free from inherent dead space as well a 
dead time should be apparent. 


AvutTHoR’s CLosuRE 


The discussion of Mr. Hickes is greatly appreciated since it 
brings out many of the factors affecting the quality of automatic 
control when controller dead zone is present. As is stated, in 
control problems of inconsequential lag measurement, dead time 
becomes an appreciable factor. 

Mr. Hickes’s conclusion with regard to dead time due to dead 
zone is open to controversy because having a slidewire in which 
one convolution represents an interval of 1 F is not identical to 
having a dead zone of 1 F. Without going into the many de- 
tails involved, a high amplifier “sensitivity” produces a condition 
wherein a rise in thermocouple emf will cause the slidewire con- 
tact to move entirely across one convolution to the edge of the 
adjacent convolution. Thus with gradually changing tempera- 


(pla 


tures it is possible to obtain a relatively greater response with a 
slidewire balancing device having discreet positions than with a 
continuously balancing device. 

With respect to measurement and controller dead zone, there 
are four general cases: (a) Control systems and process with a 
relatively fast reaction rate and little lag, (b) with relatively slow 
reaction rate and little lag, (c) with relatively fast reaction rate 
and large or appreciable lag, and (d) with relatively slow reac- 
tion rate and large or appreciable lag. The effect of dead zone is 
different in each case. 

For example, in process control with fast reaction rate and 
little lag such as in flow or speed control, the author has ob- 
served cases of pseudo stability at narrow proportional bands 
which, with large, sudden upsets become cyclically unstable, 
sometimes violently so. This passage from the stable to the un- 
stable region is apparently initiated by a fast change of the con- 
trolled variable through the dead zone and there may be little 
subsequent evidence of a square top wave. 

With processes having a slow reaction rate and appreciable 
lag, the dead zone evidences itself as a consistent, additional 
lag and the quality of control is proportionately reduced. 
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Mechanical Oscillators and Their Electrical 


Synchronization 


By S. W. HERWALD,! R. W. GEMMELL,? anv B. J. LAZAN? 


Mechanical oscillators provide an excellent means for 
obtaining structural serviceability tests, The adjustable- 
while-running type is particularly flexible. With it the 
answers to certain fundamentally difficult problems can 
be obtained quickly. The electrical system presented 
provides accurate remote control of frequency and phase 
angle between forces of two or more mechanical oscillators. 
In addition, means are incorporated for changing and 
indicating remotely the amount of unbalance of each 
oscillator unit. Rototrol units used with electronic and 
magnetic controls are the basic elements of this precise 
servomechanism, 


and present-day design trends toward greater efficiency 

and lighter weight have emphasized the importance of dy- 

namic forces as a factor in design. The urgency of dynamic test- 

ing of materials and structures is indicated by a few recent studies 

(1),* which show that very few service failures in machine and 

structural members can be attributed to static forces alone; over 
80 per cent involve dynamic forces. 

Practical mechanical testing may be of three types, as follows: 


IGHER speeds in modern transportation and machinery, 


(a) Testing carefully prepared specimens under simplified con- 
ditions of stress and environment to determine basic ma- 
terial properties. 

(b) Testing actual shapes, assemblies, or structures under con- 
ditions which closely simulate actual service to secure di- 
rect design data. 

(c) Testing in actual service. 


Theoretically, if basic material properties and service conditions 
are known, one should be able to predict the behavior of a struc- 
ture. Reasonable success has been achieved in such analysis of 
structures under static loads. However, predicting the behavior 
of a structure under dynamic loads in this manner is often unre- 
liable because of such difficult variables as stress concentration, 
natural frequencies, damping, load distribution, etc. Thus past 
experiences indicate that at present the best procedure is to use 
specimen testing as a guide to the selection of materials and as an 
aid during the initial design stages; but to rely on structure testing 
for refining a design and checking actual serviceability. 

Of course, no test of serviceability is as foolproof as actual serv- 
ice. However, to rely exclusively on actual service is usually im- 
practical, time-consuming, and very expensive. Thus the simu- 


1 Special Products Engineering, Westinghouse Electric Corpora- 
tion, Pittsburgh, Pa. Mem. A.S.M.9E. 

2 Manager, Aircraft Sales, Westinghouse Electric Corporation. 

* Associate Professor and Director of Testing and Metallurgy 
Laboratories, Syracuse University, Syracuse, N.Y. Formerly Vice- 
President and Chief Engineer, Sonntag Scientific Corporation, 
Greenwich, Conn. Mem.A.S.M.E. : 

4 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 
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lated service test is a vital link in modern engineering analysis. 

One of the most useful tools in simulated service tests is the 
mechanical oscillator, a device for producing sinusoidal alter- 
nating force or torque of controlled magnitude, direction, and fre- 
quency. Generally, it isa portable machine which may be carried 
to the structure and attached to it for field testing. Oscillators 
of this type are particularly useful in producing sinusoidal forces of 
large magnitude at relatively low frequencies. Furthermore, two 
or more of these oscillators can be connected electrically so that a 
definite phase relationship of the force outputs can be maintained. 
This provides the possibility of a more complete test, because a 
number of definitely related forces can be introduced to the struc- 
ture simultaneously. 


Tar Macuanrcaru Oscrnuator 


Probably the first mechanical oscillator capable of producing 
linear sinusoidal force was developed by W. Spath (2) in 1928, for 
testing railroad bridges. This oscillator utilizes the centrifugal 
force of eccentrically supported rotating masses as a source of al- 
ternating force (see Fig. 1). An eccentric Z is attached to each of 
two shafts S which are motor-driven and geared so as to rotate in 
opposite directions. When both eccentrics HZ point vertically 
downward, position ain Fig. 1(a), the radial centrifugal forces add 
and the resultant, force is vertically downward. After 90 deg of 
rotation to position b, the two centrifugal forces point in opposite 
directions and cancel each other. When the eccentrics reach 
position ¢ they again add to produce a vertically upward force, 
and at position d they again cancel. In general, the net force is 
the vector sum of the two radial centrifugal forces, which is a 
sinusoidal alternating force such as shown in Fig. 1(b). 

The same oscillator may be arranged to produce pure torsional 
vibration about an axis perpendicular to the plane of the paper at 
b in Fig. 1(c), by driving shafts S in the same direction and re- 
arranging the eccentrics as shown. 

The frequency of the alternating force equals the frequency of 
rotation of the oscillator, and the magnitude of the force equals 
the total inch-pound unbalance in eccentrics # multiplied by the 
angular velocity squared. The value of the unbalance can be ad- 
justed by changing either the radial location or the size of eccen- 
tric #, 

Variations of the Spath unit have been developed using four (3) 
or six (4) eccentrics, or using a different arrangement for the eccen- 
trices so as to permit greater flexibility in governing the direction of 
types of possible forces. Oscillators have been built (4) capable 
of producing alternating forces as high as + 44,000 1b; others have 
unbalanced masses with eccentricity as high as 6800 in-lb. 

In many types of tests it is imperative that the weight of the 
oscillator be kept to a minimum. Mechanical oscillators de- 
veloped to meet this requirement include the scotch yoke and the 
hypocyclic oscillator (3). However, none has been as successful 
as the centrifugal-force type from point of view of simplicity of 
operation, ease of maintenance, and purity of the sinusoidal force. 
The scotch-yoke oscillator, for example, generally induces rather 
severe harmonics which make analysis of results difficult. 

During the dynamic testing of a structure it is generally neces- 
sary to cover a wide range of alternating forces. In the early os- 
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cillator every change in unbalance required stopping the unit and 
manually moving or changing the eccentric. This procedure not 
only consumed time, but also made certain types of tests very dif- 
ficult. Recent improvements in centrifugal-force oscillators per- 
mit stepless adjustment of unbalance without stopping the unit. 
This may be accomplished either by adjusting a remotely con- 
trolled electric drive or by turning a knob attaehed to the oscil- 
ator. 

Three different types of unbalance-changing mechanisms have 
been used: (a) differential gear changer (5); (6) helical key 
changer(6), which is now the most popular adjustable-while-run- 
ning oscillator in use; and (c) 45-deg rack changer. Inasmuch as 
the special electric synchronization equipment to be described 
later was developed for the oscillator with the rack changer, this 
unit will now be described in detail. 

The principle of operation may be understood by referring to 
Fig. 2. The oscillator consists of a base plate B to which are 
mounted pedestals C, D, E, F,andG. The ball bearings contained 
within the pedestals support rotating shaft H between C and D, 


rotating shaft J between H and F, and rotating shaft J between PF 
and G. Shafts H and J are mechanically connected by a shaft 
running through the center of J so that they rotate together at the 
same speed and in the same direction. Spiral bevel gears L con- 
nect shafts H and I so that they rotate in opposite directions but _ 
at the same angular velocity. An eccentrically supported mass is 
attached to each of the three rotating shafts; eccentric M to shaft 
H, eccentric N to shaft J,and eccentric O to shaft J. At any given 
setting of the oscillator, eccentric N has an inch-pound unbalance 
equal to the sum of the unbalance in eccentric M and O. Further- 
more, the inch-pound eccentricities in M and O are inversely 
proportional to the distances of M and O from eccentric N. 
This results in cancellation of moments. 

Since eccentric N rotates in one direction as eccentrics M and O 
rotate at the same velocity in the opposite direction, pure sinu- 
soidal force results (see previous explanation of Spath unit). It 
is possible to produce sinusoidal vibration in any direction per- 
pendicular to the axis of rotation by unmeshing gears L (which 
enables shaft J to turn freely without a corresponding rotation of 
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shafts H and J), turning shaft J as desired, and remeshing the 
gears L. 

The unbalance of all three eccentrics may be remotely and step- 
lessly varied from zero to the maximum value while the oscillator 
is either stationary or running. This is accomplished as follows: 

Hach eccentric consists mainly of a large unbalanced mass and 
two racks P containing square teeth which make a 45-deg angle 
with the axis of the rack. These straight racks P slide in rec- 
tangular slots cut in the three shafts H,7, and J. Contained with- 
in these three tubular shafts are round members Q which have 
45-deg square teeth cut on two sides to mesh with the 45-deg 
teeth on straight racks P. Thus as racks Q are moved axially, the 
meshing teeth will cause straight racks P to move radially, there- 
by changing the radial location of the center of gravity of the ec- 
centrics. At zero unbalance, racks Q are so located that the center 
of gravity of the eccentric assembly consisting of P, ete., is at the 
center of rotation. To increase the eccentricity, the center of 
gravity of the eccentric is moved radially outward from the center 
of rotation. 

Ball bearings contained within the shafts H, 7, and J hold the 
racks in rigid axial location, but allow them to have angular free- 
dom so that they can rotate with the parts they locate. This 
axial location is determined by the position of yoke 7 which is 
moved by motor-driven worms and screws U to adjust the radial 
location of the eccentrics. 

This oscillator has a maximum unbalance of 150 in-lb and can 
produce alternating forces up to + 1000 lb at speeds as low as ap- 
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proximately 500 rpm. Further refinements incorporated in this 
unit will be discussed in another section. 


ELECTRICAL CONTROL 


The basic electrical equipment used to control accurately 
the frequency and force-phase relationship of two oscillators of the 
type shown in Fig. 2 is the Rototrol (7). This machine is illus- 
trated in Fig. 3. When it is used with the proper electronic con- 
trol, it provides the power required for precise regulation of the 
oscillator drive motors. The drive motors, shown as C in Fig. 4, 
rotate the unbalanced masses in the oscillators, producing si- 
nusoidal forces in the manner described in Fig. 1. The motor 
shown is rated 3 hp at 3600 rpm. 

Complete control of both oscillator units is obtained at the con- 
trol box shown in Fig. 5. From here the speed of the oscillators, 
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the phase angle between their force outputs, and the amount of 
unbalance in each unit can be varied while the oscillators are run- 
ning. Here also are the normal and emergency braking switches 
used to obtain decrement curves and emergency shutdown, re- 
spectively. Frequency can be fixed at anywhere from 100 to 
1800 cycles per min; phase angle between forces can be fixed 
anywhere between zero and 360 deg; unbalance can be changed 
from zero to 150 in-lb on each oscillator independently. 

Fig. 6 shows the indicating panel associated with this equip- 
ment. It contains the test record and is conveniently arranged 
for photographing. Thus the time of test, the frequency, the 
eccentricity in each of the units, and the phase error between 
the units can all be obtained on one photograph. The phase error 
mentioned should not be confused with the phase-angle setting on 
the control panel. Phase error is merely the inaccuracy of the 
phase angle as set on the control unit. The phase-error meter 
reads directly in degrees. In operation it showed substantially 
less than + 15 deg, even with large eccentricities and with the 
units 180 deg out of phase. 

The schematic diagram of the electrical system used to control 
the oscillators is given in Fig. 7. 


FREQUENCY AND PHASE CONTROL 


For the No. 1, or master unit, a desired frequency is maintained 
within close limits by matching the preset portion of the control- 
unit battery voltage with that of a d-c tachometer generator A, 
Fig. 4, driven by the No. 1 oscillator motor C, Fig. 4. The volt- 
age difference which occurs when the generator voltage does not 
match the battery potentiometer voltage is fed into the amplifier, 
Fig. 8. The amplifier output controls the output voltage of the 
No. 1 Rototrol generator which in turn changes the speed of the 
No. 1 oscillator drive motor so as to reduce the voltage error be- 
tween the tachometer generator and the preset portion of the bat- 
tery voltage. Thus except for a very small voltage difference re- 
quired to produce enough Rototrol output voltage to maintain the 
oscillator drive motor at the required speed, the system is self- 
compensating, tending always to reduce the voltage error. Since 
a d-c tachometer generator produces a voltage that varies linearly 
with speed, all one has to do to vary frequency is to adjust the bat- 
tery potentiometer B, Fig. 9. This, of course, causes the drive 
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motor to change speed so that the tachometer voltage again 
matches the portion of the battery voltage picked off by the po- 
tentiometer. 

The No. 2 unit operates in a similar manner, except that there is 
one added feature. In order to maintain a given phase relation- 
ship between the Nos. 1 and 2 units, a synechrosystem is used to 
detect error from the desired phase relationship. This error is de- 
tected as an a-c voltage that varies as the sine of the angle of devi- 
ation from the desired phase relationship of the Nos. 1 and 2 units. 
An electrical schematic of this synchrosystem is shown in Fig. 11. 
The rotor of the synchrogenerator which has salient poles is ex- 
cited single phase. This sets up the flux field A which cuts the 
stator windings. These stator windings are usually displaced 
mechanically 120 deg and connected to exactly similar windings of 
the synchrodifferential. The currents that flow in similar wind- 
ings such as a and a’ or 6 and b’ of the generator stator and 
the differential rotor are identical. Therefore flux field B has the 


Fic. 9 Ricut-Sipp View or Oscittator Controu Box 


same position relative to the windings as flux field A and the wind- 
ings have served as a means of indicating generator-rotor position 
in the differential. Similarly the combination of the synchro- 
generator-rotor and the differential-rotor positions is indicated by 
the synchrocontrol-transformer flux field C. Thus the apparent 
position of the generator rotor as indicated to the control trans- 
former by flux field C can be changed by rotating the synchro 
differential rotor. 

The control transformer is similar to the synchrogenerator ex- 
cept that the rotor has a distributed winding to reduce reaction 
torque. With the synchrocontrol transformer rotor in the position 
shown in Fig. 11, no error voltage appears across terminals 7; and 
T>2 as the rotor is at right angles to the flux field C. As the rotor is 
rotated the component of flux intercepted is proportional to the 
sine of the angle of rotation, consequently, the error voltage at 
T; and T> also varies as the sine of the angle of control-trans- 
former-rotor rotation. The rotation of either the synchrogener- 
ator or differential rotor produces a voltage at T, and T; that varies 
as the sine of the angle of rotation. This occurs because move- 
ment of either rotor shifts flux field C relative to the control-trans- 
former rotor. 

If the generator and control-transformer rotors are rotated at 
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exactly the same speed the voltage at 7; and 7, does not vary as 
the relative position of flux field C and the control-transformer 
rotor does not change. 

As used in this system the synchrogenerator B, Fig 4, is driven 
by the No. 1 motor and is electrically connected through the syn- 
chrodifferential C, Fig. 10, in the control unit to the synchro- 
control transformer which is physically located on the No. 2 unit 
exactly as in B, Fig. 4. The control transformer is driven by the 
No. 2 motor. The phase-relationship-error voltage obtained from 
the synchrosystem, as described, is superimposed on the frequency 
control in the amplifier channel for the No. 2 unit. 

The voltage output of the No. 1 tachometer generator is used to 
give an indication of the frequency. A voltmeter, see Fig. 6, in 
the indicating panel, calibrated in cycles per min, is used for that 
purpose. The control-transformer error voltage, which is a meas- 
ure of the phase-angle error between the Nos. 1 and 2 units, is in- 
dicated by an a-c voltmeter on the indicating panel. This phase- 
angle error is required so that enough control-transformer error 
voltage is produced at the No. 2 unit amplifier channel to hold a 
fixed phase relationship between the Nos. 1 and 2 units. 


EccENTRICITY CONTROL 


The eccentricity of an oscillator unit is varied by operating a 
switch on the control-unit panel. It is a two-way momentary 
“on” switch, and by using relays and limit switches D and £, 
Fig. 12, the eccentricity motor B, Fig. 12, is operated in either 
direction so as either to increase or to decrease the eccentricity. 

A synchrogenerator C, Fig. 12, is driven by the eccentricity 
motor. By electrically connecting this synchrogenerator to a 
similar one in the indicating-panel unit which drives a counter, 
an indication of the eccentricity in each of the units is obtained. 
This, of course, is the standard synchrotie connection. The 
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amount of unbalance in the unit can be determined mechanically 
by inserting a calibrated needle gage in bolt hole of A, Fig. 12. 


AMPLIFIER OPERATION 


The amplifier shown in Fig. 8 is used as a means of detecting 
the low-power-level intelligences offered by the battery, d-c tach- 
ometer, and synchro machine circuits, and of converting them al- 
most instantaneously into intelligence at a power level sufficiently 
high to control a Rototrol generator-control field. A Rototrol is in 
itself a fine power amplifier. Its power output, which is regulated 
by the control field, is great enough to run an oscillator drive 
motor, and yet it is a fast machine electrically, responding quickly 
to the intelligence the amplifier transmits to its control field. 

The Nos. 1 and 2 channels of the amplifier are similar. Each has 
two stages of push-pull d-e voltage amplification for which a pair 
of 6SL7’s are used, A Fig. 8, and one push-pull power-amplifica- 
tion stage in which two 6L6’s, H Fig. 8, are used. A dynamotor 
B, Fig. 10, supplies direct current for the plates of the 6SL7’s, 
whereas the plate supply for the 6L6’s is alternating current. 
Hach pair is supplied by a separate secondary winding of the same 
transformer. The difference between the two channels of the 
amplifier is that the synchrocontrol-transformer error voltage is 
introduced into the No. 2 channel only. This locks the No. 2 os- 
cillator in a definite phase relationship to the No. 1 oscillator. 
As previously described, this phase relationship can be varied from 
zero to 360 deg by rotating the differential synchromachine rotor. 

As in the case of all servomechanism (8) systems, proper damp- 
ing means must be used to prevent “hunting.” In this oscillator 
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system damping is obtained by derivative feedback from the 
Rototrol armature circuit. 


ConcLusION 


During the past 17 years the use of mechanical oscillators for 
simulated service testing has enjoyed steady growth. Originally 
developed for testing railroad bridges, oscillator testing has been 
found applicable to testing many other types of structures, such as 
aircraft, land vehicles of all types, buildings and foundations, and 
ships. In testing such structures mechanical oscillators have 
been used to determine such properties as fatigue strength, natural 
frequency of vibration, damping capacity, resonant stress, flutter, 
riding comfort, and other vibration-response characteristics. 
Oscillators have also been used for many types of soil investigation 
(such as the behavior of an airport landing strip under vibration), 
and as a laboratory tool to study fatigue, stress-relief possibilities, 
dynamic modulus of elasticity, dynamic creep, etc. A relatively 
small oscillator is a particularly powerful dynamic testing machine 
when used to produce resonant vibrations; under these condi- 
tions the force exerted on the part under test may be from 10 to 
more than 100 times the oscillator force (3). 

Certain types of dynamic testing require two or more oscillators 
properly synchronized and controlled to induce a desired vibra- 
tion. For example, one method of determining flutter character- 
istics in aircraft wings is to attach an oscillator to each wing to 
excite controlled and properly synchronized vibrations during 
flight. The equipment described in this paper will perform such a 
task. The combination Rototrol and electronic control will main- 
tain precisely the frequency and phase relationship of two or more 
oscillators. Additional electrical control provides means of ad- 
justing the frequency, phase, and eccentricity of the oscillators 
while the units are operating. 
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Precision Tachometer for Use in 


Wind-Tunnel Testing 


By R. K. FAIRLEY! anno H. L. CLARK! 


The equipment described is a high-speed high-accuracy 
tachometer developed primarily to measure rotative speed 
during the power-testing of airplane models in wind tun- 
nels by measuring the frequency of a tachometer genera- 
tor. The frequency being measured is automatically 
compared with that of a tuning fork and indicated on an 
instrument having a scale length of 86 in. 


the modern wind tunnel, built to analyze the performance 

of planes and their component parts. While all tunnels 
are custom-built, they have one common characteristic, that is, 
the need for many accurate instruments. In addition to fairly 
good accuracy, good precision is also required since precision or 
constancy of indication will reveal trends resulting from model 
changes. 

To build instruments of the accuracy required is sufficiently 
difficult, but to add to the difficulty, such instruments should be 
self-reading or recording. As the design of airplanes increases in 
complexity, the number of instruments which must be read simul- 
taneously is multiplied. To expedite research work, not to men- 
tion economics which is sometimes forgotten under the stress 
of war work, it is highly desirable to obtain such readings at the 
touch of a button. Automatic recording avoids the errors of an 
observer, particularly those caused by fatigue. Not only are such 
errors obviated by self-recording features, but such readings may 
also be recorded in a calculating machine and much laborious 
manual calculating work avoided. 

Some phases of model testing involve so-called “power on 
tests.”’ This means that the model plane will be provided with a 
propeller and a power plant, usually an electric motor or motors. 
When a test is in progress it is necessary to know accurately the 
speeds of these electric power plants and the developed torques. 
Torque is usually measured indirectly, first, by calibrating each 
motor in a dynamometer and measuring the electrical input at 
each given speed. The motor is then mounted in a model plane 
in the wind tunnel, and at the same speed, the same watts, volts, 
and amperes are applied and the calibrated torque obtained. 

During a test run the watts, volts, amperes, and speed are 
continuously measured and numbers set up in a printing machine. 
When stable conditions are reached these quantities, together 
with their associated multipliers, ete., are simultaneously recorded 
in the printing machine. 

It is the purpose of this paper to describe the equipment which 
measures the speed and actuates the printing machine. 


() of thé largest laboratory devices we have today is 


PRINCIPLE OF OPERATION 


Accurate measurements are usually facilitated by comparison 
with a known value, commonly referred to as a standard. For 
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example, accurate measurements of weight can better be made 
with a balance, using tested weights, than with a spring scale. 
The balance uses the comparison principle while the spring 
scale uses the deflection principle. 

A similar principle applied to the measurement of frequency is 
often used employing an oscilloscope and Lisajou figures. The 
ratio between the unknown and known frequencies, such as 4/,, 
5/s, etc., is deduced from the shape of the pattern. The equip- 
ment to be described automatically obtains this ratio using a self- 
contained known frequency, and indicates the value of the un- 
known frequency on a special long-scale instrument. 


INSTRUMENT 


SWITCH 


Fie. 1 Basic Circuit, DEFLECTION PRINCIPLE 


A simplified circuit showing the principle of operation is illus- 
trated in Fig. 1. The switch, normally in position A, snaps 
over to position B at the beginning of the cycle being measured. 
This is shown at point 1 in Fig. 2(a). After a definite length of 
time this switch automatically switches back to position A and 
stays there until the beginning of the next cycle of the fre- 
quency being measured (point 2). Current will flow through the 
instrument while the switch is in position B. The wave shape of 
this current is shown in Fig. 2(b), in which ¢, shows the definite 
length of time the switch stands in position B, and tz is the time 
for one cycle of the frequency being measured. The instrument 
will indicate the average value of the current, shown as Z,y. 
When a higher frequency is being measured, as shown in Fig. 
2(c), the switch snaps from position A to position B at the be- 
ginning of the cycle, stands in position B for the same definite 
length of time as before, then snaps to position A, and then waits 
in position A until the beginning of the next cycle. The current 
flows through the instrument as shown in Fig. 2(d). Since the 
pulses of current are spaced more closely together, the average 
current will be higher. This average current is given by 


h 


Uhm Ue Wah ae Peet pipes ceyssisbay sy es EE 1 
a Imax 7, [1] 
Since the frequency being measured is 
1 € 
Sta = 2 Acca OPE COR BOE [2] 
ly 
the average current is then 
Gio d SRV aia bapoya aie, ed hie A alloaaste, sas0 [3] 
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Fic. 3 Basic Crrcuir, BALANCE PRINCIPLE 


Equation [3] shows that the average current through the instru- 
ment is proportional to the frequency being measured. 

However, the use of an ordinary indicating instrument to meas- 
ure the average current makes use of the deflection principle in- 


stead of the more accurate comparison principle. Rearrange- 
ment of Equation [3] gives 
Uy 
Spat Nae rae Pcie 5\e [4] 
Umax 


Here we see that the ratio between the average and maximum 
current is proportional to the frequency being measured since 
t, is a constant. 

This ratio may conveniently be measured by using a self- 
balancing bridge, the basic circuit of which is shown in Fig. 3. 
The bridge consists of resistors Rz, R3, and Rs plus R; which is a 
self-balancing potentiometer. (The resistor R;, denoted ‘‘Auto- 
matic Current Control,” is required to hold the current through 
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this arm of the bridge strictly proportional to the supply voltage. 
This is necessary because of the somewhat variable voltage drop 
across the switching element which is to be described later.) The 
voltage across R, is proportional to 7,,, while the voltage across 
Rz plus Rs is proportional to zmax- When the slider on the poten- 
tiometer is adjusted so that no current flows through the gal- 
vanometer 


Jig, oe 
inex Ra + Rs 


Here we see that the value of the frequency being measured 
is determined by the ratio of two resistances and the constant 
t, which is the time for one cycle of the tuning fork. 

Since changes in the value of the supply voltage produce like 
changes in 7,, and tax, the ratio of 7,,/imax remains unchanged. 
Variations in the power-supply voltage do not change the value of 
the frequency indicated. 

As shown in Fig. 4, the equipment consists of two essential 
units, a measuring unit and a self-balancing potentiometer. The 
measuring unit performs the switching operations which deter- 
mine the ratio of 7,,/7max While the self-balancing potentiometer 
measures this ratio. 


Fig. 4 Precision TACHOMETER 


Merasurine Unit 


Since the required switching speed is very high, electronic in- 
stead of mechanical switches are used. To form an electronic 
switch two tubes are connected as shown in Fig. 5. Each tube 
acts as one pole of a single-pole double-throw switch, that is, only 
one tube conducts current at a given time. For instance, assume 
tube Vi, in Fig. 5, is carrying current. This current flows through 
R,, causing a voltage drop. Through the voltage divider R; and 
Rg, the grid of V2 is held so far negative with respect to its cathode 
that no current flows in this tube. There is no voltage. drop 
across Ry so that through the divider R; and R;, the grid of V; is 
held positive, and V; continues to conduct current. 

To change the switch from its original position a negative im- 
pulse may be applied to the grid of V; decreasing the current in V;, 
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Fig. 6 Tunine Fork 


causing its plate volcage to rise. Through the voltage divider 
the grid of V2 is driven positive, causing this tube to conduct cur- 
rent. The resulting voltage drop across R, will, through the volt- 
age divider, drive the grid of Vi negative, thus holding off tube 
V, while tube V2 conducts current. Thus a voltage impulse ap- 
plied to one of the grids causes a transfer of current to take place 
similar to that of a single-pole double-throw switch. 

Several of these electronic switches are used in combination to 
obtain the current pulses as shown in Fig. 2. 

The timing element of the equipment is a tuning-fork oscillator. 
A close-up view of the tuning fork is shown in Fig. 6. A small 
Alnico magnet is mounted on the end of each tine of the tuning 
fork, and a coil opposite each magnet. Motion of the tuning fork 
generates a voltage in the coils, one of which is connected to the 
grid of an amplifier tube. This voltage, after being amplified, is 
applied to the other coil, thus sustaining the oscillations. 

The frequency of the tuning fork, which is approximately 3000 
cycles per sec, must in most cases be 3 times the highest fre- 
quency to be measured. Such a tuning fork can be made to pro- 
vide a high degree of accuracy. The principal cause of inaccu- 


SeLr-BaLANCING POTENTIOMETER 


Fig. 7 


racy is the temperature coefficient of the material. A material 
having a temperature coefficient of 5 parts per million per centi- 
grade degree is used so that an accuracy of the order of 0.05 per 
cent is easily obtained. 


SeLF-BALANCING POTENTIOMETER 


The self-balancing potentiometer shown in Fig. 7 uses as a 
galvanometer an ordinary microammeter with a mirror instead of 
a pointer. This galvanometer reflects a beam of light from the 
light source to two phototubes, dividing it equally between 


_the phototubes when the circuit is balanced. If one phototube re- 


ceives more light than the other, one of the thyratrons passes 
current through the motor, which through a gear reduction drives 
the potentiometer in the direction which will bring the galva- 
nometer to balance. The potentiometer will accurately follow 
variations of 2 per cent of full scale per second and has a maximum 
speed of 15 per cent per second. This speed is ample to follow 
the speed variations encountered in the application described. 

The potentiometer consists of 10,000 or more turns of fine re- 
sistance wire wrapped around a core of Formex-insulated copper 
wire, and 14 turns of the whole wrapped around a grooved drum. 
A split nut carrying the slider rides in a groove so that as the 
drum rotates the slider follows the resistance wire. A pin on 
the split nut rides against a cam which is shaped so as to ad- 
vance or retard the slider to compensate for nonlinearity of the 
resistance wire. The potentiometer unit is made accurate to 0.1 
per cent or better. 

Also connected to the gearing is a selsyn transmitter so that the 
position of the potentiometer can be transmitted to a remote loca- 
tion for operating the recording mechanism for indication or 
control. The indicating instrument shown in Fig. 8 has two 
hands, one of which makes 10 revolutions while the second hand . 
indicates the number of revolutions made by the first hand. The 
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scale length for 10 revolutions is 86 in., making each division, 
which is 0.1 per cent, very nearly */32 in. so that a reading to the 
accuracy of the equipment can be made without estimating frac- 
tions of a division. The transmitter and receiver selsyns each 
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turn 150 revolutions for full scale so that an error of 5 deg in the 
selsyn, for example, would cause less than 0.01 per cent error in 
the indication. 


AccuRACY OF INSTRUMENT 


The method of calibration is largely responsible for the high 
degree of accuracy obtainable with this equipment. The known 
frequency of the tuning fork is connected to the input of the 
equipment with the circuits so arranged that one half the fre- 
quency of the tuning fork is measured. The indicating: circuit 
is then adjusted so that the proper reading is obtained, thus cor- 
recting for any variations in the electronic circuit. Since the cir- 
cuit is essentially independent of tube characteristics, these initial 
variations are small, and after being corrected as described, are 
negligible. The factors entering into the accuracy of the measur- 
ing unit then are the frequency of the tuning fork and the values 
of several precision resistors which are accurate to 0.05 per cent or 
better. 

Adding up the several factors, 0.05 per cent for the tuning fork, 
0.05 per cent for the resistors, and 0.1 per cent for the self-balanc- 
ing potentiometer, the over-all accuracy of the device is 0.2 per 
cent or better. : 


full-scale torque. 


Electromagnetic Torquemeter 


The electromagnetic torquemeter is a dynamometer of 


_ the transmission type. A calibrated shaft unit is directly 


connected in the rotating shaft where the torque is to be 


- measured. This paper describes a slip-ring type of torque- 
_ meter in which the small torsional deflections in the shaft 
- unit are measured by electromagnetic-gage elements and 
_ associated electrical components to give a continuous 


direct reading of torque with an accuracy of 1 per cent of 
By proper mechanical and electrical 
design, effects of centrifugal forces and changes in brush 
resistance are held to negligible values. Several torque- 
meters of this type are now in use. They cover a range 
of 250 lb-ft at 8000 rpm to 10,000 lb-ft at 400 rpm. The 
same general torquemeter principle is readily applicable 
to much higher torque ranges. 


INTRODUCTION 


HERE is a growing demand for torquemeter equipments 
lhe measure the torque transmission through a rotating- 

shaft system. Some typical examples are the torque ap- 
plied to an aircraft propeller or helicopter rotor, the torque 
transmission from a prime mover to a compressor load, and the 
torque transmission through drive shafts and axles in automo- 
biles and trucks. The torquemeter will, of course, not replace 
the conventional cradled-dynamometer equipments which are 
often used for similar purposes, but nevertheless it has a very 
definite field of application of its own. 

The torquemeter development has been going on for many 
years, and the various designs are al- 
most as numerous as the development 
engineers who have worked in this field. 
Substantial progress has recently been 
made. 

The electromagnetic torquemeter dis- 
cussed herein is a transmission dyna- 
mometer of the torsion type in which a 
calibrated shaft unit is inserted as a 
section of the rotating shaft. 

Most torquemeters for rotating shaft- 
ing make use of the same fundamental 
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several types of torquemeters vary. The General Electric elec- 
tromagnetic shaft unit, to which most of the discussion to follow 
is devoted, measures the torsional deflections, over a fixed shaft 
length, with electromagnetic gages. Changes in torque produce 
corresponding changes in the air gaps of the gages mounted in 
the shaft unit. These changes can be measured electrically by 
use of suitable electrical components which are a part of the 
torquemeter equipment. 


DESCRIPTION OF ELECTROMAGNETIC-TORQUEMETER SHAFT UNIT 


The electromagnetic torquemeter consists of the shaft unit 
and electrical components required to translate torsional de- 
flections of the shaft unit into electrical-instrument readings. 

The shaft unit is shown in Figs. 1 and 2. It consists of a 
hardened alloy-steel shaft 20 to 30 in. long which is coupled be- 


Fig. 1 EvecrroMaGNETIC-TORQUEMETER SHAFT UNIT 


BRUSHES REDUCED SECTION ARMATURE 


physical principle: An elastic member, 
when subjected to an external torque 
within the elastic limit of the member, 
will deflect torsionally an amount pro- 
portional to the applied torque, and will 
return to its original state when the load 
is removed. The amount of angular 
twist in a fixed length of shaft is mea- 
sured by some means. It is in this 
means of measuring the twist that the 
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tween the prime mover and the load. A section of this shaft is 
made with a reduced diameter so that approximately '/; deg of 
torsional displacement is obtained in 2 to 4 in. of shaft length. 
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A bracket fastened rigidly on one end of this section transfers 
this torsional displacement to the other end of the reduced section 
where it is measured by securely attached electromagnetic-gage 
elements, consisting of two U-shaped laminated cores and associ- 
ated, coils with an armature common to both of them. Two 
such brackets and gaging elements are located diametrically 
opposite each other with the gaging elements electrically con- 
nected together. Pure torque affects each of these elements 
equally. Torque and shaft-bending affect one element such that 
it sees a displacement which is a function of the torque, plus a 
displacement which is a function of bending. The other element 
sees a displacement which is a function of torque minus the 
bending effect. The two gage elements electrically average 
these displacements, and the bending effect in one element is 
canceled by an opposite effect in the other element. 

A cylindrical shell spanning this reduced section of shaft and 
covering both gage elements is securely fastened to the shaft 
just beyond one end of the reduced section. A disk is securely 
attached to the shaft just beyond the other end of this reduced 
section. Both cylindrical shell and disk are notched and fitted 
together in such a manner that they do not touch each other until 
the torque is approximately 250 per cent of the maximum rating 
of the shaft unit. From that point on the cylindrical shell and 
disk carry a large part of the overload torque. This feature 
protects both the reduced section of shaft and the gage elements 
if overloads are encountered. Such overloads might occur due 
to sudden loading or excessive torsional oscillations. In Fig. 1 
the shaft unit is shown with cover and cylindrical shell removed; 
however, the notched disk can be seen at the right of the slip 
rings. 

The electrical connections to the gaging elements are made 
through three slip rings and two sets of brushes. Careful con- 
sideration has been given in the design of the shaft unit to mini- 
mize the effects due to variation in contact resistance between 
brushes and slip rings. How this is accomplished is discussed in 
the section entitled ‘“Design Considerations.” 

Each slip ring is engaged by two brushes located 180 deg 
apart. The brush rigging and cover assembly is supported by 
end plates which are held concentric with the shaft by standard 
ball bearings, serving to locate the brushes in the proper axial 
position with respect to the shaft. The cover assembly is held 
stationary by a suitable anchor. 


ELECTRICAL CoMPONENTS 


The electrical components shown in Figs. 3 and 4 translate 
the torsional deflections as detected by the shaft-unit gaging 
elements into electrical-instrument readings. The shaft unit 
has already been described. The oscillator supplies 2000-cycle 
power to the torquemeter power unit which contains impedance- 
comparing elements. The basic circuit of the power unit and 
shaft unit is shown in Fig. 5. Coil 1 is located on the shaft unit 
diametrically opposite to coil 3. Coil 2 is adjacent to coil 1 with 
coil 4 diametrically opposite. When a torsional displacement 
increases the impedance of coil 1, it also increases the impedance 
of coil 3 and decreases the impedance of coils 2 and 4. These 
coils are connected to two capacitors C1 and C2 and to the indi- 
cating instrument through a unique rectifier arrangement as 
shown. 

When the average impedance of coils 1 and 3 is equal to the 
average impedance of coils 2 and 4, there is no current flowing in 
the torque indicating instrument. For average impedance of 1 
and 3 greater than that of 2 and 4, the current will flow in the 
opposite direction from that obtained when the average imped- 
ance of 1 and 3 is less than that of 2 and 4. 

An electrical zero-position adjustment of the torque indicat- 
ing instrument is obtained by potentiometer R. The volt- 
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Fig. 3 ELecrroMaGNETic-TORQUEMETER SHAFT Unit With Evxc- 
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meter V is used when setting the transformer-secondary voltage 
at a predetermined value to give correct sensitivity. 

The torque indicating instrument is a direct-current milliam- 
meter with its scale marked in pound-feet of torque. 


Design CoNSIDERATIONS 


Since the electrical connections to the gaging elements are 
made through brushes and slip rings, the contact resistance be- 
tween brushes and slip rings constitutes a part of the impedance 
measured by the electrical components. By making the imped- 
ance of a gaging element large in comparison to the effective: 
alternating-current resistance, the brush-contact resistance has 
a negligible effect on the impedance. For example, consider the 
vector diagram shown in Fig. 6; R, X, and Z are, respectively, 
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the effective alternating-current resistance, the reactance and the 
impedance of the gage element, including brush and lead 
resistances. Let AR be the change in R due to variations in 
brush-contact resistance. If AR is 1 per cent of the total R, Z 
is changed by 1 per cent for 6 = 0, by 0.65 per cent for @ = 30 
deg, by 0.25 per cent for 6 = 60 deg, and by approximately zero 
per cent for @ = 90 deg. 


Fie.6 Vecror DiacRamM oF GAGE ELEMENT 


A value of 6 close to 80 deg is obtained by use of laminated 
cores and armatures of very good magnetic properties, the use 


_. of coils with a large number of turns, and the use of 2000-cycle 


excitation. At 80 deg a 1 per cent change in total resistance 
produces only 0.04 per cent change in impedance. The electric 
circuit used compares impedances independent of phase 
angles. Since an impedance differential of 40 per cent is ob- 
tained at 100 per cent torque, this 0.04 per cent change in im- 
pedance due to 1 per cent resistance change will produce only 
0.1 per cent change in torque reading. The variation in brush 
“resistance observed under normal operating conditions is from 1 
to 2 per cent of the total resistance. This small change in brush- 
contact resistance is obtained by using silver slip rings and graph- 
ite brushes. 

Variation in brush resistance was found to increase somewhat 
with increased slip-ring surface speed. While a sharp line cannot 
be drawn as to the limiting speed to be tolerated, it has been 
found desirable to keep the slip-ring peripheral speeds at 80 fps 
or less. 

The action of centrifugal forces on the gage elements is also an 
important consideration. Gage coils and laminations must be 
supported rigidly and strongly: (1) to hold the gages in place 
and (2) to prevent centrifugal forces from displacing the gage 
elements in a manner which would produce a drift in torquemeter 
readings as a function of speed. The particular unit shown in 
Fig. 1 has been run at speeds over 5000 rpm without encounter- 
ing difficulties from centrifugal effects. A torquemeter of the 
same general type has successfully been run at 8000 rpm. This 
was accomplished by a more rigid gage-element supporting 
structure and by using small slip rings. 


Over-ALL PERFORMANCE 


In general, an accuracy of 1 per cent and a repetitive accuracy 
of 0.5 per cent of full-scale torque can be expected with the elec- 
tromagnetic torquemeter described in this paper. Tests made 
using a cradled dynamometer to calibrate the shaft unit at 
operating speeds show that static calibrations agree so closely 
with dynamic calibrations that only static calibrations are needed. 
A typical calibration curve is shown in Fig. 7. The calibration 
is seen to be very linear except for a slight deviation at full torque. 
When best accuracy is required, corrections obtained from cali- 
bration data should be applied to the torquemeter readings. 
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Fie. 7 Ca riBrRaTioN Curve For SHAFT Unit Ratep at 500 Ls-FtT 
Maximum Torque 


Fic. 8 Sraric CaLiBRATING STAND 


CALIBRATION 


Fig. 8 shows a static calibrating stand with a shaft unit bolted 
by the attached half-couplings to a fixed plate on one end of the 
calibrating stand and a pivoted torque arm on the other, through 
which a known load is applied by adding standard weights to the 
weight pans hanging from knife-edges at the ends of the arm. 
The knife-edges provide an accurate loading point, and the ball- 
bearing central pivot supports the applied weights and provides 
a nearly frictionless pivot, making it possible to apply an accu- 
rately known torque. Thus very accurate calibrations can be 
obtained. 


APPLICATIONS 


The operation of electromagnetic torquemeters now in prac- 
tical use has proved to be very satisfactory. The torque and 
speed ranges covered by these torquemeters extend from 250 lb- 
ft at 8000 rpm to 10,000 lb-ft at 400 rpm. These ranges are by 
no means considered as limits for electromagnetic torqueme- 
ters. 

Modern trends in the design of rotating equipment are toward 
lightweight with accompanying high stresses. Therefore it 
becomes not only desirable but essential, in many cases, to know 
just what torque is being delivered through a section of shafting. 
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In addition to the torque instrument reading obtained, the 
torquemeter output may be used with electronic control equip- 
ment for regulating the torque delivered by a rotating shaft. 

Someday torquemeters of one type or another will be stand- 
ard equipment in large aircraft, on ships, and many other places 
where rotating shafts are used to transmit power. For the pres- 
ent, however, torquemeters will likely find their greatest use in 
production-test setups where comparative data are needed to 
standardize a product, or in research and development test 
installations where they can be used to obtain data useful in 
improving the design of a product. 


Discussion 


J. G. Fiemine.? It is suggested that the following points 
discussed by the authors might be further clarified: 


1 An accuracy of 1 per cent of full scale is cited in the paper. 
How long can this accuracy be maintained under normal operating 
conditions without rechecking for calibration and zero stability? 

2 What is the speed of response of this instrument? 

3 The application of the electromagnetic torquemeter for 
large-aircraft use is cited in the paper. How compact would the 
instrument be and what would be its approximate weight and 
cost for application with aircraft engines rated at approximately 
1000 hp? 


4 Itis stated that the slip-ring contact resistance is very smal] 
compared to the circuit resistance and that therefore variations 
in slip-ring resistance do not affect the instrument operation. 
Fig. 5 of the paper indicates that the output is fed into a recti- 
fier bridge which operates a galvanometer. The resistance of 
such rectifiers is usually quite Jarge and undoubtedly much lar- 
ger than the slip-ring contact resistance. The resistance of 
rectifiers increases on aging, and it appears that such a change 
would cause a gradual calibration drift. A bridge of this type 
could be operated with a null-balance galvanometer which would 
make the measuring circuit free from changes in resistance in the 
rectifiers. 


N.S. Murr.* The writer wishes to confirm the authors’ belief 
that the application of electromagnetic principles to the measure- 
ment of torque can provide a very, satisfactory method capable 
of wide application in various mechanica] systems. The authors 
may be interested in learning something about a similar appli- 
cation of the electromagnetic principle in a transmission dyna- 
mometer developed at the Royal Aircraft Establishment in 
England about 13 years ago which aimed at giving an accurate 
record of the mean torque transmitted by an aircraft engine to a 
propeller. 

The research which preceded the development and construc- 
tion of this particular torquemeter was initiated by the British 
Air Ministry early in 1930, aiming at the evolution of a satis- 
factory transmission dynamometer for the measurement of en- 
gine power in flight and in the then proposed 24-ft wind tunnel. 
From a critical discussion of the available methods as one would 
employ them in a practical transmission dynamometer, it was 
decided that the variable-air-gap method would provide a basic 
arrangement which would be favorable compared with the 
others, such as piezoelectric crystals, capacity units, resistance- 
pressure elements, etc. 

One of the main features of the electromagnetic system in com- 
mon with that of a capacity unit is that no direct connection need 
exist between the two moving members other than the flexible 


2 The Bristol Company, Waterbury, Conn. 
’ Chief, Engine Development Section, British Supply and Air Com- 
mission, Washington, D. C. 
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element providing the desired relationship between force and 
deflection. The line of attack chosen therefore for the research 
was the construction of a torquemeter in which the angular de- 
flection of a spring element inserted in the drive between an 
engine and airserew would be measured by electrical means, 
using variable air gaps. Thus we had two of the time-honored 
foundations for the transmission dynamometer design being 
remolded and combined in the light of modern knowledge of the 
application of scientific principles and the use of new materials. 
The basis of the electrical system chosen was attributable to 
Ford and may be described briefly as one in which the electro- 
motive force (emf) due to change of inductance of a transformer 
secondary coil, consequent upon a change of air gap in an 
adjacent iron circuit forming the core, is balanced by an equal 
and opposite emf generated in a remotely situated receiver having - 
a similar circuit operated by hand. 

In the torquemeter being described, the deflection of the spring 
element was arranged to vary the air gaps in the system specially 
developed for the purpose, and an electrical balance was obtained 
by means of a micrometer-screw device on the receiver; the 
balanced position of the air gaps being read off a scale attached 
to the screw as in the Ford torsion meter, The null-reading 
condition of electrical balance is indicated by a moving-coil 
current-measuring instrument of adequate sensitivity. When 
forced torsional oscillations are present in the drive, the air gaps 
vary cyclically about the mean value, and the true mean deflec- 
tion is still readable in terms of electrical balance of the moving- 
coil instrument, the mechanism of which is then suitably damped. 

In the earlier air-gap instruments of Denny, Ford, and Moullin, 
the systems were energized from smal] alternators or by inter- 
rupted direct current of relatively low frequency. This latest 
unit to which reference is made is fed from a special 1500-cycle 
alternator designed to have a purely sinusoidal voltage output. . 
The high frequency is essential to dea] with the presence of torque 
oscillations in the airscrew drives in aero engines up to about 200 
per sec, so that integration of the torque variation may be suffi- 
ciently accurate. 

The basic design for our first torquemeter was completed 
in March, 1930, and the apparatus was ready for calibration in 
May, 1931. Preliminary experience was gained with this first 
unit, covering some 70 or 80 hr running on the test bench on a 
Jupiter VII supercharged direct-drive engine and using the 
Froude brake as the criterion of torque. At constant speeds, 
accuracy within 0.38 per cent was obtained, while over a range of 
speeds the greatest error was within 2 per cent. The appa- 
ratus was then transferred to an aircraft and successful use in flight 
was achieved. Special apparatus was provided to obtain an 
accurate measure of the rotational speed of the engine, since the 
computation of horsepower depends upon the product of speed 
and torque. 

A second unit was provided primarily for use in the then 
proposed 24-ft wind tunnel at Farnborough to enable full-scale - 
testing of propellers to be carried out. In this case the spring 
element took the form of a one-piece wheel in which the rim, 
spokes, and hub were carved out of a solid disk of about 18 to 20 
in. diam and was capable, in conjunction with the electrical 
system, of giving readings of torque over a wide range from one- 
quarter to full torque of engines up to about 1000 hp. 

It will be appreciated that the nuJJ-reading electrical system 
chosen is not the same as that described in the paper just pre- 
sented, which uses an electrical system on the lines of that used 
by Moullin, where the output of an alternator or 2000-cycle 
oscillator is modulated by the torquemeter coils to give a direct’ 
rectified indication of torque. At an early stage of our investiga 
tion it was found essential to have an especially accurate appara- 
tus for carrying out static-torque calibrations, and a tackle was 
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specially designed for the purpose, which permitted the rolling 
load of a beam system to impose pure torques on the shaft carry- 


_ ing the torquemeter so that positive and negative torques could 


be smoothly applied according to the direction of motion of the 
load from the central position of no torque. The apparatus has 


pall bearings at every moving joint and is extremely delicate in 


its operation; torques of only 2 or 3 lb-in. being accurately 
obtained. 

Limit stops were provided on the spring element which per- 
mitted a range of torque of from 60,000 lb-in. to approximately 
—12,000 lb-in. and some idea of the accuracy of the spring element 
in maintaining its zero at no torque is given by the fact that 
after taking the spring through several cycles of stress on the 
torque loading elements previously mentioned to remove any 
slight hysteresis in the material and then determine its zero 
setting, it returned after subsequent cycles of stress to this zero 
position within 1/40,000 in. at 9.625 in. radius. This radius 
refers to the position of a dial-gage reading to 1/10,000 in. which 
was attached in such a way as to record this circumferential de- 
flection of the spring as it deflected. This dynamometer was 
used satisfactorily in large 24-ft wind tunnel at Farnborough 
for the measurement of torque in full-scale propellers. 

Many applications of such a system can be made, and a dyna- 
mometer of this type lends itself to use either as a transmission 
coupling or as a static unit mounted in conjunction with aero- 
engine reduction gears or in any position where the torque to be 
measured reacts on a stationary member. From the writer’s 
experience with this torquemeter, assurance can be given to the 
authors that their application is well worth development along 
the lines which they propose and for the applications which they 
mention. The writer’s opinion, however, is that a null-reading 
system is much more likely to give enhanced accuracy than the 
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use merely of the output from an unbalanced coil system. One 
important feature which must not be overlooked is, as previously 
stated, the accurate calibration of the spring element whether it 
be a piece of shaft or actual springs. This, in fact, is particularly 
important where in measurement on ship’s propeller shafts a 
relatively long length of shaft is chosen. The writer agrees with 
the authors’ attention to the slip rings and brushes used in the 
system. In the British torquemeter which the writer has just 
described, we have recently redesigned the recording circuit so as 
to eliminate completely any errors arising from faulty slip-ring 
contacts, 


AvuTHOR’s CLOSURE 


Mr. Fleming brings up several points which will be discussed 
briefly in order, 


(1) The electromagnetic torquemeter described should main- 
tain its calibration. However, the zero adjustment may have to 
be made occasionally and should be checked whenever possible. 


(2) The speed of response is limited by the indicating instru- 
ment and is approximetely two seconds. A magnetic oscillo- 
graph may be used in place of the indicating instrument to record 
rapid torque variations up to several hundred cycles per second. 


(3) The electromagnetic torquemeters described in the paper 
are not suitable for general flight applications on aircraft engines, 


(4) The resistance of the rectifier section is approximately 
20 ohms which is small in the light of the several hundred ohm 
gage circuit impedances. The advantages of a null system are 
recognized and are frequently put to good use. A continuous 
indicating system has the advantage of convenience over a null 
system where the balancing must be done manually. Accurate 
automatic null balancing systems are available. 
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Taking the Mystery 


Out of the Kadenacy 


System of Scavenging Diesel Engines 


By P. H. SCHWEITZER,! C. W. VAN OVERBEKE,? anp L. MANSON? 


The ‘“‘Kadenacy effect’’ of the Diesel-er - 140 


gine exhaust is utilized to create a vacuum 
in the cylinder for introducing the fresh 
charge. The result of the application of 
this system is exemplified in tests in 1939, 
_of a converted Junkers opposed-piston en- 
gine in which the power was raised from 
11 to 25 hp, or an increase of 130 per cent. 


1/20 


100 


This was accomplished solely by changing 
the characteristics of the inlet and ex- 
haust ports and passages in accordance 
with the Kadenacy patents. However, 
the theory expounded by the inventor has 
been subject to question, as the authors 
explain, and while the results are entirely 


8 


matters of record, the phenomenon can 
be accounted for by conventional ther- 
modynamics based upon simple adiabatic 
expansion. This fact the authors have 
demonstrated by experiment. The for- 
mulas derived check closely with those of 
Kadenacy but they are based upon a more 
rational approach to the problem than 
Kadenacy’s contention that supersonic 
velocities are involved in the exhaust proc- 
ess. 
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URING the last few years the Ka- 
denacy system of scavenging Diesel 
engines has attracted some attention in 

this country and more abroad. © That system is 
best known in the form of a blowerless two-stroke-cycle engine. 
The “Kadenacy effect” of the exhaust is utilized to create a vac- 
uum in the cylinder for introducing the fresh charge. That by 
itself would not be remarkable if we were to attribute the effect 
to a tuned exhaust pipe. The Kadenacy system, however, em- 
braces more than that. In numerous patents (1)4an ever-recurring 
sentence is that “at least a substantial portion of the burnt gases 
leaves the cylinder at a speed much higher than that obtaining 
when a flow resulting from an adiabatic expansion only is in- 
volved, and in such a short interval of time that it is discharged as 
a mass, leaving a depression behind it which is utilized in intro- 
ducing a fresh charge into the cylinder, etc.’’ This has been 
quoted from U. 8. Patent 2,168,528. Kadenacy’s other patents 
include various versions of the same statement and explain that 
mass means a “coherent mass” (Patent No. 2,123,569), “having 
properties similar to those of a resilient body’’ (Patent No. 


Fie. 1 


1 Professor of Engineering Research, Pennsylvania State College, 
State College, Pa. Mem. A.S.M.E. 

? Ex-Cell-O Corporation, Detroit, Mich. 

3 DeLaval Steam Turbine Company, Trenton, N. J. 

4 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Oil and Gas Power Division and presented 
at the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of 
Tue Amprican Society or MrecHanicaL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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2,102,559), and that the “ballistic”? speeds involved in the 
evacuation are about 4 times higher than “‘the speed of adiabatic 
expansion,” leaving behind them “a high depression which may 
reach a complete vacuum” (Patent No. 2,131,957). 

The foregoing notions are so unorthodox that many engineers 
ignored and even ridiculed them. But it is not wise to ignore 
test results and Kadenacy has astonishing results to his credit. 

The first commercial blowerless Kadenacy engine was built hy 
Petter (2), and the same company is still building Kadenacy-type 
engines of an improved design (3); however, with a blower 
attached. 

According to tests (4), described in 1939, the conversion of a 
Junkers opposed-piston engine resulted in a substantial increase 
of power. Some test results are reproduced in Fig. 1. The 
maximum power was raised from about 11 to 25 hp, an increase of 
130 per cent. This is claimed to have been obtained without any 
alteration to the combustion chamber or fuel-injection equipment, 
solely by changing the characteristics of the inlet and exhaust 
ports and passages, in accordance with the Kadenacy patents. 
The scavenge pump was rendered inoperative and the inlet ports, 
which were still controlled by the upper piston, were arranged so 
that they communicated directly with the atmosphere. With 
the Kadenacy system fitted to the engine it was possible to 
run the engine to a much higher speed without any ill effects, it is 
claimed. The pistons remained in a cooler condition, the maxi- 
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of either uniflow or the cross-scavenge type gave 
similar results, although not quite as spectacular 


as those shown in Fig. 1. Some engines fitted with 
the Kadenacy system had blowers and others had 
none. When a blower was used the scavenge-air 
pressure was considerably less, and significantly 


it decreased when the load increased. In the 
original engine the scavenging pressure increased 


with the load. The difference is explained by the 


fact that with the Kadenacy system as the load be- 
comes greater the energy in the exhaust also becomes 


greater and with it the suction effect in the cylin- 
der, thus reducing the resistance to the delivery of 
the air from the blower. Converted engines con- 
sistently showed appreciable power increase with 
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mum pressures were lower and the specific fuel consumption also 
was lower. 

Fig. 2 shows the cylinder pressures in the Kadenacy-Junkers 
engine operating without scavenging air pump. It is notable 
that a depression over 1 psi below atmospheric occurred in the 
cylinder 50 deg after the exhaust ports had 
opened, ; 

Fig. 3 shows the pressures in the intake 15 
and exhaust ducts of the converted Junkers 


lower specific fuel consumption and lower exhaust 
temperatures. 

The mechanics of the Kadenacy principle were 
investigated by Davies (5) with a free-moving piston 
in a cylinder. He compressed a mixture of air and 
gasoline vapor with a hand crank and ignited it 
with a spark plug. The gas pressure’sent the pis- 
ton downward until it uncovered a slot through which the 
burnt gases discharged into the atmosphere. This sudden dis- 
charge caused so great a depression in the cylinder that the free 
piston rose in the cylinder and came to rest at about two thirds of 
its upward travel. With photoelectric apparatus, Davies re- 
corded the piston travel and showed that the entire process was 
completed in a very short time. With a cylinder of 2.4 in. bore 
and 2.2 in. effective stroke the exhaust process lasted only 3.2 
milliseconds and the residual depression was 17 in. Hg abs. Ex- 
periments with various lengths of exhaust pipes showed that the 
resulting depression and the time during which the exhaust slot 
remained uncovered were largely unaffected by the exhaust pipe. 
For instance, when the exhaust-pipe length was changed from 7.5 
to 53 in., the duration of the exhaust period changed only about 
6 per cent. The gas flow in the exhaust pipe was shown by high- 
speed photography of a lightweight “cursor” in a glass exhaust 
pipe. This revealed a very rapid back-and-forth movement of 
the gas column. 

While the results obtained with the Kadenacy system are fully 
discussed in the literature, the constructional details are not dis- 
closed. One or more of the expedients shown in the patent draw- 
ings such as tapered exhaust pipes and reflection-wave stoppers 
might have been employed to obtain the excellent results but 
apparently no particular importance is attached to them. 

In view of these reports, the authors felt a necessity to de- 
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engine from which it is seen that pressure ‘S 
changes are transmitted from the exhaust Ay 9 
ducts to the intake ducts without apprecia- & 6 
ble delay. Tests at 800 rpm with various 5 
lengths of exhaust pipes gave Fig. 4 which & 3 
shows that the Kadenacy effect does not de- 
pend upon a particular pipe length, only the 8 
time of maximum depression was retarded 5 3 
when the exhaust-pipe length was increased. g 6 

We have dwelt on this Kadenacy-Junkers g 9 


engine because part of the tests reported 
were made by such an unquestioned author- 
ity as Prof. 8. J. Davies of London, England. 

Conversions of other two-stroke engines 
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termine in a conclusive manner whether the so-called Kadenacy 
effect really exists, aside from the pipe effect the nature of which 


_ is fairly well known (6). 


INVESTIGATION OF THE KApDENACY Errect 


Kadenacy claims that upon opening the exhaust port the gas 
leaving the cylinder with a very high (supersonic) velocity will 
evacuate it, leaving a partial or complete void behind, irrespective 
of whether a pipe is attached to the cylinder or not. 

The depression thus created in a cylinder, no matter how short 


' in duration, can be measured and no combustion needs to be in- 


weet caie 


volved in the test. 

In order to measure the depression following a sudden gas out- 
flow, a special setup was built at The Pennsylvania State College. 
It consists of a steel cylinder, Fig. 5, closed by a lid locked with a 
quick-acting latch. This lid is forced open by the initial cylinder 
pressure when the latch is released. Orifices of different di- 
ameters or nozzles were fixed at the lid end of the cylinder. A 
pickup for determining the lowest pressure reached in the cylin- 
der during the exhaust was fixed at the closed end of the 
cylinder. This pickup consists of a brass diaphragm of 21, in. 


_ diam and 0.025 in. thick, exposed to the cylinder pressure on one 


side, and to an adjustable depression on the other. The dia- 
phragm opens an electric contact when the pressure in the cylinder 
drops below the adjusted depression; the contact is inserted in a 
6-volt circuit in series with a transformer coil. A neon lamp is 
placed in series with the secondary winding of the transformer. 
This gives a flash when the primary circuit opens. 

The depressions have been measured for different orifice di- 
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ameters and different initial tank pressures. The results are 
shown in Fig. 6 where the maximum depression after the gases 
have rushed out of the cylinder, are plotted against the cylinder 
gage pressure before the cylinder was opened. With the 6-in. 
orifice there was in effect no plate, as the cylinder was wide 
open. One curve corresponds to the use of a convergent-diver- 
gent nozzle with 2-in. throat diameter and 3'/,-in. length. The 
opening on the pressure side was 41/2 in. and convergence took 
place for 2 in. Over the remaining 11/, in. the nozzle diverged 
uniformly at an angle of 15 deg. 

The experiments show that the depression, although far from 
a complete void, is great enough to account for the results on two- 
stroke Diesel engines applying Kadenacy’s patents. 


THEORY OF THE KADENACY EFFECT 


Various explanations of the Kadenacy effect have been pub- 
lished. Giffen (7) calculated the pressure waves generated by 
the sudden evacuation of a cylindrical vessel and obtained de- 
pressions of the order that we have observed. His calculations . 
even showed that with an orifice appreciably smaller than the 
cylinder the depression does not increase continuously with the in- 
crease of the initial cylinder pressure but it reaches a maximum 
when the initial cylinder pressure is around 20 psia, and if it ex- 
ceeds that, the depression begins to decrease. This agrees with 
our observations with orifices and nozzles of 3 in. diam or smaller. 

Geyer (8) proposed a rather simple theory of the Kadenacy 
effect. He attributes the evacuation of the cylinder to the 
kinetic energy of the gases still in the cylinder, yet rushing out of 
the cylinder. 

It is not improbable that Geyer got the idea for his theory 
from Kadenacy himself. For instance, in U. S. Patent No. 
2,123,569, Kadenacy is using the analogy of a coil spring to 
explain what happens in the cylinder. He visualizes a helical 
spring on a table compressed, with a certain amount of energy 
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stored in it. If the spring is released gradually by allowing it to 
expand against a resistance, it will return to its free length. 
The work done by the spring will then become stored in the 
resistance. This, he states, corresponds to the release of com- 
pressed gases from a container through an orifice which is opened 
gradually. 

On the other hand, if the spring, after having been compressed 
on the table, is reléased suddenly by removing the compressing 
means in a short interval of time, the spring while expanding will 
leave the table bodily. The energy stored in the spring imparts 
momentum to the spring. During its flight through the ai- 
after it has left the table, oscillations will occur in the spring but 
these oscillations will bear no direct relation with the motion of 
the spring body from the table. This case corresponds to the 
sudden release of the gas from the cylinder according to Kadenacy. 

Geyer goes through a somewhat similar reasoning. The po- 
tential energy of the compressed gas is transformed into kinetic 
energy. The gas will leave the cylinder with a velocity that cor- 
responds to this energy. At the time the pressure inside of the 
cylinder has dropped to atmospheric, the gas in the cylinder still 
has some kinetic energy, which will perform work against the 
atmospheric pressure. This work consists of displacing a certain 
volume of air against ambient pressure. The equivalent volume 
of air to replace the volume must come from the cylinder, and so a 
depression is created by the discharge of that amount of air. 

Geyer’s simple theory can have no pretension of describing ac- 
curately such a complex phenomenon as the sudden evacuation 
of acylinder. Yet it not only gives a correct mental picture of 
the mechanism of the Kadenacy effect but surprisingly it even 
gives tolerable agreement with observed results. Geyer has ap- 
plied his calculations to Davies’ experiments (8), and we to the 
Penn State experiments (9), which are shown in Fig. 7. 

In Fig. 8 is reproduced a comparison of the observed and cal- 
culated depressions when the sudden removal of the lid un- 
covered the full cylinder opening. With smaller orifices the ob- 
served depressions are higher than those calculated. 


Ba.uistic VELOCITIES 


A recurrent statement in most Kadenacy patents is that the 
burnt gases discharge through the exhaust ports at a speed far 
in excess of the speed of adiabatic expansion. Patent No. 
2,123,569 gives the “‘speed of adiabatic expansion” as 350 to 450 
m per sec, and gives the “ballistic speed”’ of exhaust due to the 
“ballistic force” as 1400 to 1800 m per sec, that is about 4 times as 
high. 

The velocity of sound in a diatomic gas of a temperature about 
equal to that of the exhaust gases is as a matter of fact 350 to 450 
mpersec. Inastraight or convergent orifice this is also the upper 
limit of discharge velocity of the gas. 

The authors were unable to find out where figures of 1400 to 

- 1800 m per sec had been obtained. But Kadancy uses these 
figures in porting design and obtains good results. This may he 
an indirect proof that his figures are correct. Let us examine this 
evidence. 

Since the pressure in the cylinder when the exhaust port opens 
is about 5 atm, Kadenacy reasons, 4 volumes of exhaust gases 
have to be discharged to bring the pressure down to atmospheric 
during the blowdown period. It takes, he states, as much time to 
discharge 4 cylinder volumes of gas at 1800 m per sec velocity as 
one volume of gas at !/, X 1800 = 450 m per sec velocity. 
Therefore he envisages the “hypothetical velocity”’ of 450 m per 
sec and designs his exhaust ports in such a manner that the gas 
column which projects through the exhaust port during the ex- 
haust-lead period with the hypothetical velocity of 450 m per sec, 
is just equal to 1 cylinder volume. If V denotes this volume in 
cubic meters, A,, the mean uncovered exhaust-port area during 
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the exhaust lead (blowdown period) in square meters, and L the 
length of the hypothetical gas column in meters, then 
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Here a@ is the exhaust lead in degrees and v is the engine speed in 


revolutions per minute. 


From Equations [1], [2], and [3] 
a 
V = A, Vinvp ip © Bid altewis Talia. (aid) so 8 Cae y gife Tel ate [4] 


Putting Vy) = 450 and rearranging, we get 


A,aw = Vn pBy = Bis 
450 75 


I EIACR tte kere [5] 


; 


This is Kadenacy’s reasoning, and the resulting formula is 
identical with Kadenacy’s formula Patent No. 2,144,065 
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except for the different symbols. From this the proper exhaust 
lead can be calculated. By converting the metric units used in 
Kadenacy’s Equation [5] to square inches we get 

_ (89.4)? Vn 


ne = fie ote 

(39.4)? 75 

This is still Kadenacy’s formula in a slightly changed form. On 
the other hand Schweitzer’s formula (10) gives 


Ade = 0/0008 Vantin =a a0 ed- eo. [7] 


a 
Ignoring the difference between V and V4i,, Equation [7] 
differs only 3 per cent from Equation [6]. 

Equation [6] is a consequence of the Kadenacy theory, but 
Equation [7] was derived independently of the Kadenacy theory, 
before we knew of the latter’s existence. The Kadenacy 
theory supposes the existence of ‘ballistic velocities’? which are 
about 4 times higher than those obtained from adiabatic ex- 
pansion. Equation [7] was derived by conventional thermo- 
dynamics, and the discharge velocities used were substantially 
the same as sound velocities modified by discharge coefficients ob- 
tained by the Nusselt theory. The two theories give practically 
identical results. 

The circumstance that Kadenacy got correct results from in- 
correct premises casts a doubt on Kadenacy’s reasoning. 

We believe Kadenacy’s reasoning to be fallacious and in the 
following we try to show the error in it. 
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FAuLuacy In Kapenacy THEORY 


Kadenacy states® that instead of applying the true ballistic 
velocity, 1800 m per see to 4 cylinder volumes of gases to bring 
down the pressure from 5 atm to 1 atm, one may use a hypo- 
thetical velocity of 1800/4 = 450 m per sec to 1 cylinder volume 
and get the same results. We believe this to be a mistake. 
One cylinder volume should be considered and not 4, even if 
the pressure in the cylinder is 5 atm. 

A rough reasoning should suffice to make this clear. Let us 
consider two cases. In one case the density of the gas does not 
vary during the discharge. Before, in, and after the exhaust 
orifice, the density is the same. In this case (which is analogous 
to the discharge of water) if the cylinder volume V contains gas 
at 5 atm pressure and that is discharged through an orifice A 
with 450 m per sec discharge velocity, and A = V/450, then at 
the end of 1 sec all of the gas will be discharged and not 1/; of it 
only. It makes no difference whether the pressure in the 
cylinder was 5, 4, 3, 2, or 1 atm. In every case 450 m per sec 
discharge velocity is required to evacuate the cylinder in 1 sec. 
The assumption of a ballistic velocity of 1800 m per sec is un- 
justified. 


5 U.S. Patent No. 2,123,569, p. 4, lines 33-62. 


Let us next consider the change in gas density. The discharge 
velocity refers to the throat of the orifice, and the specific weight 
to be considered is the one existing in the throat. 

Calculation by conventional thermodynamics shows that, the 
specific weight in the throat is approximately 0.78 kg per cu m in 
the beginning of the blowdown and drops gradually to approxi- 
mately 0.4 kg per cu m at the end. Assuming a constant dis- 
charge velocity of 450 m per sec and a constant exhaust orifice of 
Am? during the ¢ sec of the blowdown period, we shall discharge 


0.78 + 0.4 
2 


450 A kg of air 
If, conforming to Kadenacy, we make A = V/450, where V is 
the total cylinder volume, the amount discharged will be 


D = 0.59 V kg 


while the amount that has to be discharged to drop the pressure 
from 5 atm to 1 atm is 
4 
D, = 5 Ving = 0.8 V 0.73 = 0.585 V kg 

[t is seen that D approximately equals D;, which means the ex- 
haust can be disposed of in the required time period, assuming 
only sound velocity and no supersonic or ballistic velocity is 
required, 

We conclude that while the value of Kadenacy’s hypothetical 
velocity is sound and should give good results if applied to port- 
ing design, it in no way supports the existence of ballistic veloci- 
ties in excess of sound velocities. 

A further confirmation of this conclusion can be found in cal- 
culating from Geyer’s theory the outflow velocities created by the 
sudden opening of an air-filled vessel. Fig. 9 shows these veloci- 
ties, and for comparison, also the calculated sound velocities for 
various temperatures. For the detailed calculation the reader is 
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referred to (9). An inspection of Fig. 9 reveals that with 5 to 7 
atm chamber pressure the outflow velocities do not differ much 
from the sound velocities. 


CoNncLUSIONS 


1 ‘The astonishing performance claimed by Kadenacy engines 
should not be rejected as incredible as the effect is based upon 
a demonstrable physical phenomenon; the rarefaction that 
follows the sudden discharge of compressed gas from a closed 
vessel. 

2 The Kadenacy effect is not due solely to the inertia of the 
gas column in the exhaust pipe, as 10 in. Hg depression was ob- 
served by the authors in a vessel without any exhaust pipe, and 
reported results show good performance in engines with varying 
lengths of exhaust pipes. 

3 The Kadenacy effect vanishes if the discharge opening be- 
comes relatively small. One inference is that an obstacle of the 
full exploitation of the Kadenacy effect is that exhaust ports or 
valves in engines cannot be opened rapidly enough. 

4 Geyer’s theory seems to give a fair picture of the mechanics 
of the Kadenacy effect and excellent numerical agreement in 
case of a large discharge opening. 

5 Nothing in our observations supports Kadenacy’s conten- 
tion that velocities in excess of sound velocities are involved in 
the exhaust process. Conventional thermodynamics based upon 
simple adiabatic expansion gave formulas practically identical 
with those recommended by Kadenacy, and Geyer’s theory 
applied to our experiments also successfully indicated discharge 
velocities of the order of sound velocities and no higher. 
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Pau Diserens.6 The authors’ discussion of the Kadenacy 
effect is particularly timely in view of the development of two- 
cycle engines, sponsored by Mr. Kadenacy, on the part of several 
American manufacturers at this time. 

It would appear that the paper is, in effect, a continuation of 
the extended discussion of the Kadenacy engine which was re- 
ported in the British and the Continental technical press during 
the years 1938 to 1941, inclusive. While the authors make some 
reference to the numerous articles published at that time, it 
might be suggested that a bibliography comprising the more 
important references would constitute a valuable addition to the 
paper. 

The writer finds it of particular interest to compare the ap- 
paratus used by the authors in their experiments, with that em- 
ployed by Prof. 8. J. Davies, of Kings College, University of 
London.’ 

It should be noted that in the Davies apparatus provision is 
made to insure the greatest possible speed in establishing com- 
munication between the pressure vessel and the atmosphere. In 
the apparatus used by the authors the speed of opening is limited 
because of the time required to accelerate the communicating 
valve. : 

It is evident that the results reported in the paper reflect the 
influence attributable to the speed of opening and therefore the re- 
sults might conceivably be quite different if some other speed 
had been employed. Consequently, conclusion 3, i.e., “The 
Kadenacy effect vanishes if the discharge opening becomes rela- 
tively small.” One inference that full advantage cannot be 
taken of the Kadenacy effect because ‘exhaust ports or valves 
cannot be opened rapidly enough,” cannot be valid except when 
the exhaust-valve acceleration at the time of opening is low or at 
best comparable with that which obtained during the authors’ 
experiments. For this reason it would appear that their results 
cannot properly be used as the basis for any general theory to 
explain the phenomena and should not be quoted as confirming 
such a theory based on pure speculation. : 

The authors assert that the hypothetical assumed average 
speed of 450 m per sec is derived from some preconceived 
theory of operation, and quote from various Kadenacy patent 
specifications in support of this assumption. This does not con- 
form to my understanding of the Kadenacy patents. From a 
complete study of all of these it is obvious that the structures 
covered by the patents rest entirely upon experimental data from 
which empiric relationships are established. Obviously, variable 
coefficients must be determined in order to take care of such vari- 
able conditions as, for example, speed of opening of the ex- 
haust valve. — 

An experimental engine, built by the company with which the 
writer is associated, develops mean effective pressures of more 
than 100 psi without a blower. Analysis of the exhaust gas, 
as well as direct measurements indicates that the volume of 
air passing through an engine exceeds the displacement by 60 
per cent, 


6 Director of Research and Development, Worthington Pump and 
Machinery Corporation, Harrison, N. J. Fellow A.S.M.E. 

7“Sudden Discharge of Air From a Pressure Vessel,” by S. J- 
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An Analysis of Intercooled Supercharging 


By RALPH H. MILLER,! MILWAUKEE, WIS. 


In this and in an earlier paper,? the author analyzes the 
internal-combustion engine as a heat engine. He finds 


' that with present-day materials, the output of the in- 


ternal-combustion engine is limited by the temperatures 
reached in the internal surfaces and not by lack of air to 
sustain combustion. A method is developed by which the 
output capacity of four-cycle engines may be increased by 
more than 100 per cent without exceeding practical and 


_ previously established temperatures of internal surfaces. 


intercooled supercharging in a rating graph which is re- 
produced in Fig. 1, herewith. 

Curve A in the graph shows that with standard supercharging 
without air cooling 133 per cent of the mean indicated pressure 
(mip) is carried at 4 psi pressure with the same cycle mean tem- 
perature. This represents a gain of 36 per cent in brake mean 
effective pressure (bmep). Since that paper was presented a 
series of tests has been conducted to check the theories presented 
therein. 

Efforts were made to correlate calculated cycle mean tempera- 
tures and the surface temperatures of the internal walls, which 
are obviously what affect the engine parts and not the tempera- 
ture of the gases. 

An engine operating at 600 rpm, and another engine tested 
at 327 and 360 rpm were used in these tests. Equipment was in- 
stalled to measure the heat flow to the cooling-water jackets with 
great accuracy. Means were also installed for controlling the 
air-intake temperature to the blower or the engine manifold. 

The cooling-water mean temperature was kept at 155 F and the 
rate of circulation maintained constant for all loads and speeds. 

The formula for rate of heat transmission 


[i a previous paper,? the author summed up his analysis of 


dq = U XdA (4 — to) 
where 
dq = Btu per unit of time 
dA = area 
U X dA = over-all conductance of wall per unit of time 
t; = temperature of internal hot surface 
t) = temperature of cooling water 


permits us to conclude that the internal-wall temperature ¢, is 
unchanged when, in any given engine, changes are made in mani- 
fold pressure or temperature or combustion efficiency, but the 
load is adjusted so that dq remains constant. 

The rate of heat flow to the cooling water (liners and cylinder 
heads) is plotted in Fig. 2 for the 600-rpm engine. Curve 1 
shows the naturally aspirated engine from 58 to 85 bmep. Curve 
2 is the engine supercharged with the Buchi system with two ex- 


1 Chief Engineer, Four Cycle Diesel Division, Nordberg Manufac- 
turing Company. Mem. A.S.M.E. 

2 “Rating Supercharged Engines on the Basis of the Mean Tem- 
perature of the Cycle,” by Ralph Miller, Trans. A.S.M.E., vol. 65, 
1943, pp. 685-696. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tue AMERICAN Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


haust pipes to the turbine. Curve 3 is the same as curve 2 but 
with intercooling to 90 deg F in the air-inlet manifold. 

The naturally aspirated engine is rated at 80 bmep. The heat 
flow to the cooling water (dq) is 12,000 Btu per min at this load. 
When the engine is operated supercharged with the Buchi system, 
a heat flow of 12,000 Btu is reached at a load of 102 bmep. Curve 
1 in Fig. 3 shows a supercharging pressure of 6.7 in. Hg (8.3 psi) 
at 102 bmep. 

The theoretical rating curve, Fig. 1, shows that on the basis of 
equal cycle mean temperature of the gases, a rating of 131 per 
cent of the naturally aspirated indicated rating should be carried 
at 3.3 lb supercharging pressure. 
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Assuming a friction mean effective pressure (mep) of 20 psi at 
80 bmep and that it increases with the square root of the bmep 
the mip at 12,000 Btu per min is as follows: 


—Mip from— 
Fig.2 Fig. 1 
Naturally aspirated, 80 + 20 =................ 100 100 
102 
Buchi supercharged, 102 + (20 x S eae mel 131 


Buchi supercharged intercooled, 123 + 


123 
2 ——}] = 148 158 
(20 x 4/2) 


This shows a difference of 41/2 per cent in the noncooled and 
61/2 per cent in the intercooled ratings between mip calculated 
from cycle mean temperatures and actual tests, recording heat 
flow to cooling water. 

This discrepancy is probably caused by increased after- 
burning and diminishing expansion coefficient with the later 
cutoff when supercharging. The same cause brings about the 
nonparallelism of the curves 1 and 2, that is, the combustion 
efficiency falls off at a faster rate in the nonsupercharged than 
in the supercharged engine. 

In Fig. 4 the rate of heat flow to the cooling water is plotted 
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versus bmep. Curves 1 and 2 show the heat flow nonsuper- 
charged and supercharged at 360 rpm. Curves 3 and 4 are 
plotted for 327 rpm, nonsupercharged and supercharged. 

If a heat-flow rate of 10,000 Btu per min is taken as a maximum 
for full load the bmep ratings will be as follows: 


HINGING EUAN. Meriareme ek ee ere ae 327 360 
Nonsupercharged oil Diesel, psi.............. 82 77 
Buchi supercharged oil Diesel, psi............ 103 93 


The low bmep of this engine when supercharged would seem to 
be due to insufficient scavenging. 


INTERCOOLED SUPERCHARGING 


At 4 lb supercharging pressure the bmep can be increased be- 
tween 21 and 26 psi at the same heat flow to the cooling water 
when the supercharging air in the inlet manifold is cooled to the 
air temperature at the blower intake. 

The graphs in Fig. 5 show manifold temperature versus bmep 
developed by the high-speed engine at two different rates of heat 
flow to the cooling water, namely, 10,000 and 12,000 Btu per min. 
Selecting for an example, the test point at 126 F manifold tem- 
perature and 105 bmep with a heat flow of 12,000 Btu per min, 
a cycle mean temperature of 1262 deg R is calculated as follows: 
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: 105 
Mip = 105+ 20 + 4/25 = 128 
80 
P, = supercharging pressure; nonintercooled line, Fig. 3 = 


3.45 psig 
Cutoff for 128 mip and 3.45 psi, Fig.6 = 14.18 
Ratio Tm/T, for cutoff 14.18, Fig. 7 = 1.92 ~ ; 
ft, 126 + 460 + ten = (Equation [9], reference 2) = 657 deg R 
Tm 1.92 X 657 = 1262 deg R 


The 10,000-Btu line shows a manifold temperature of 82 deg F 
at the same load. The initial temperature and the cycle mean 
temperature at this point are then 


T; 657 — (126 — 82) 613 deg R 
Tm = 613 X 1908 1170 deg R 


(The supercharging pressure P, has dropped from 3.45 to 3.3, 
Fig. 3, so that the T’m/T; ratio changes from 1.92 to 1.908.) 

Reducing the manifold temperature from 126 to 82 deg F has 
reduced the cycle mean temperature from 1262 to 1170 deg R, 
and the heat flow to the cooling water from 12,000 to 10,000 
Btu per min. We then have 


12,000 _ / 1262 \" 
10,000 \1170 


ll 


where n = 2.4. ; 

In other words, when the manifold temperature is reduced the 
heat flow to the cooling water, and therefore the internal wall 4 
temperature, decreases with the power of 2.4 of the cycle 
mean temperature. 

Now, when the load is increased from C to D at 82 deg F 
manifold temperature to the point where the heat flow to the 
cooling water is again 12,000 Btu per min, it is seen that heat 
flow increases with approximately the same power of the cycle 
mean temperature, as follows: : 

At point C’ on the 10,000-Btu line, we have 


T; = 90+ 460 + 71.5 = 621.5 deg R 
ys supercharging pressure (from Fig. 3) = 3.1 psig 
Mip = 101 + 22.5 = 123.5 psi 
Ratio Tm/T, (from Fig. 6) = 1.90 
Then 
Tm = 621.5 X 1.9 = 1180 


Point D on the 12,000-Btu line and 90 deg F air temperature 
reads 123 bmep; then ; 
Mip = 123 + 25 = 148 psi 
P, (from Fig. 3) = 4.2 psig 


T, = 90+ 460 + 70.5 = 620.5 deg R 
Ratio T’m/T, = 2.04 
Tm = 620.5 X 2.04 = 1265 


+ The cycle mean temperature has increased from 1180 to 1265 deg 
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R, and the heat flow from 10,000 to 12,000 Btu per min, and we 
have 

12,000 _ (1265 \" 

10,000 1180 
where n = 2.6. 


This proves that when the air-intake temperature is changed 
the load may be adjusted along the line of constant calculated 
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cycle mean temperature. This loading will maintain the internal 
temperatures constant as indicated by the rate of heat dissipation 
to the cooling water. 

The constant heat-flow curves in Fig. 5 will show an increase in 
initial compression pressure with increase in load which is char- 
acteristic of turbocharged engines. In Fig. 8 constant cycle tem- 
perature lines have been plotted against atmospheric intake 
temperature and mip for constant manifold pressures; 90 deg F 
is taken as standard and the point of rating. Curves 1 and 2 are for 
nonsupercharged and curves 3 and 4 for a supercharged engine. 
Curves 2 and 4 show the ratings which would be obtained by the 
conventional method which assumes that the mip is inversely 
proportional to the absolute temperature, or directly to the air 
density. This method does not derate sufficiently for tempera- 
ture increases. Thus if an engine is operating with 115 deg F 
intake temperature, which is not unusual, it suffers a loss of 
81/. per cent in load capacity. Conversely, when the tempera- 
ture is decreased the load-carrying capacity increases at a rate 
faster than the air density. 


Fur._ CoNsuMPTION 


Table 1 summarizes data from a nonsupercharged, two non- 
cooled, and three intercooled Buchi supercharged tests. 

Although the theoretical cycle thermal efficiency is unaffected 
by the initial compression temperature,* these test results show 
an increase from 34.2 to 35 per cent brake thermal efficiency when 
cooling the intake air to 90 deg F, at 120 bmep. The fuel con- 
sumption is reduced from 0.377 to 0.371 Ib per bhp per hr. The 
heat flow to cooling water drops from 14,500 to 11,700 Btu per 
min, and the calculated cycle mean temperature from 1365 to 
1270 deg R. 

When the bmep is increased from 105 to 126 along the 12,300- 
Btu per min heat-flow line in Fig. 2, the fuel consumption drops 
to 0.37 lb per bhp per hr, Fig. 9. 

The lowest rate of heat flow to the cooling water is 11.15 per 
cent of the total heat at 147 bmep. 

It will be noticed that the excess air is reduced with intercool- 
ing. Thus the uncooled engine at 105 bmep shows 27.1, and the 
cooled engine at 126 bmep 26.4 Ib of air per Ib of fuel, both at 
12,300 Btu heat flow to cooling water. 

Where a cooling medium of low temperature is available, such 
as in cold-storage or ice plants where brine may be used, or in 


3 “Internal Combustion Engine,’ by D. R. Pye, second edition, 
Oxford University Press, New York, N. Y., vol. 1, 1937. 


738 


TABLE 1 TEST DATA FOR 12-IN. x 14-IN. SIX-CYLINDER 
ENGINE AT 600 RPM 


Buchi supercharged-——44, 
— Noncooled ——. +—— Intercooled ——~ 
Brake mean effective 


pressure............ 80 105 120 120 126 147 
Mean indicated pres- 

BUTO neces soya ee entre 100 128 144.5 144.5 151 174 
Brake horsepower..... 576 756 864 864 907 1060 
Indicated horsepower. . 720 921 1040 1040 1087 1253 
Fuel consumption per 

bhp-brig goer aa -386 .375 .377 2371 3705 .376 
Fuel consumption per 

hp PRT cae te areepa ees .3809 3138 .313 . 3808 - 308 -317 
Total Btu min hhvy 

TO BOO. Po cy ciel beta eicee 72500 92700 106500 104500 110000 130000 
Btu to cooling water... 12000 12300 14500 11700 12300 14500 
Btu. to cooling water 

per cent of total... .. 16.6 13.3 13.6 11.2 TW22) eib.15 
Brake thermal effici- 

ency, per cent..... 83.7), 8457. 34.4 35 35 34.5 
Supercharging pressure 0 3.45 4.2 4.075 4.38 5.75 
Air-intake temperature : 

MEE ae 90 140 147 90 90 90 

itial compression tem- 
eee Bey cEven ye 671 677 621 619 617.5 
Ratio Tm to T1.. 1.91 2 2.06 2.07 2.19 

ip fr Figs. 
VE Apres Chea 127 151 

tal weight of air per 
Fee Reiter Ui esven ete 101 165 170 184.2 188 200 
Weight of air per min- 

ute retained in cy- 

Hndert oak eG eats 101 129.5 134 145 148 158.5 

ight of fuel per min- ‘ 
Le aan ai colkon 8.71 A726.) | 54601 6-38) eo Om meres 
Lb of air per lb of fuel. 27.2 27.1 24.5 27.2 26.4 23.8 
Volume of air,cfm total 1895 | 2210 2270 2460 2510 2675 
ed from air, 
Bane Be emueare ne 2500 2750 3700 
Btu removed per hp 

per min from air..... 2.90 3.03 3.5 
Btu per cent of total 

cooling water plusair 16.6 13.3 13.6 13.6 13.6 14.2 
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places where cold well water is available, the air cooling may be 
carried below 90 deg F to advantage. Fig. 5 shows by extra- 
polation that with an air-intake temperature of 50 deg F, about 
145 bmep is carried with the heat load of 105 bmep on the non- 
cooled Buchi supercharged engine. 

In Fig. 10 is plotted the fuel consumption in hhv per hour 
and per bhp per hour recorded on the intercooled supercharged 
engine at 327 rpm. The cooling-water heat-flow line for this run 
is shown on curve 4 in Fig. 4. 

The author promoted and directed this development which 
was started in 1943. The first tests were made in January and 
February, 1945. The fuel consumption obtained at that time is 
plotted in curves 3 and 4 in Fig. 10. The engine was operated 
with air intercooling. At 130 bmep the fuel consumption was 
6500 Btu hhv per bhp per hr. This may be the lowest fuel 
consumption ever recorded on a gas engine. 

Without air cooling the consumption will increase about 3 per 
cent to 6700 Btu. This latter value has recently been confirmed 
by another enginebuilder who has since taken up the super- 
charged gas Diesel. 
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On the basis of eycle mean temperature, the supercharged gas 
Diesel will carry a higher mep than the oil Diesel. ‘This is due to 
better combustion efficiency at high loads. 


Hicu-Pressurn SuPERCHARGING 


Points A, B, and C, curves 1 and 2, Fig. 11, are transposed test 
points on the 12,000-Btu line in Fig. 2. By calculating 7, for 
these points, the mean temperature 7’m is found, thus permitting 
other points on the curves to be calculated from Figs. 6 and 7. 

If the nonsupercharged engine could be scavenged, the mip 
would increase from 100 to 109. The curve starting at 109 and 
0 supercharging pressure shows the gain obtained by increasing 
the pressure. The highest load occurs at 5 Ib, where the mip is 
125. Of this, 9 lb is gained by scavenging and 16 by increasing 
the supercharging pressure. Above 5 lb gage the load drops off. 

By cooling the air in the manifold to 90 deg F or to the intake 
temperature of the blower, the mip at constant cycle mean tem- 
perature will follow curve 2. The 148-mip point is established 
from the actual heat-flow test curves in Fig. 2. The maximum 
cylinder pressures are equal at 765 psi for curves 1 and 2 in Fig. 
11. The cutoff ratio and compression pressure versus scavenging 
pressure for rating line 2 is shown on lines 7 and 6. A maxi- 
mum of 177 mip is reached at 9.5 lb supercharging pressure when 
the compression pressure equals the maximum eylinder pressure 
of 765 lb. 

Therefore, when maintaining the maximum cylinder pressure 
of the nonsupercharged engine, the limit of supercharging pres- 
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sure, with intercooling to blower intake temperature, is reached 
at about 9.5 lb gage. 

Higher supercharging pressures can be used only by permitting 
the maximum combustion pressure to increase. 

The 147-mip point on curve 2 in Fig. 11 has a combustion-to- 
compression pressure ratio of 1.266. If this ratio is maintained 
with increasing supercharging pressure and constant air-manifold 
temperature, we find that with constant cutoff (15.5 per cent) 
the mip for constant cycle temperature increases directly with the 
absolute supercharging pressure. The cycle mean temperatures 
are identical at all loads on curve 3, and the thermal efficiency is 
constant. 

Line 4 in Fig. 11 is plotted for 60 deg F air-intake tempera- 
ture to indicate the as yet unexplored possibilities of high output 
of the four-cycle engine. For example, with a supercharging 
pressure of 22 psig a mip of 318 psi would be carried. The com- 
pression pressure would be 1170 psi, and the maximum combus- 
tion pressure 1480 psi. The heat flow to the cooling water would 
be about 5.6 per cent of the total, and the fuel consumption 0.32 
lb per bhp per hr; 45.4 per cent of the total heat would go to work 
and 49 per cent to exhaust and radiation. While these figures 
will have to be adjusted downward to compensate for increased 
heat-transfer rate from gas to the walls, due to the increase in gas 
density, high-pressure supercharging nevertheless holds great 
promises. 


CONCLUSIONS 


On the basis of constant internal temperatures, the nonair- 
cooled Buchi supercharging system permits an increase of 28 to 
30 per cent on the brake horsepawer of the nonsupercharged 
engine, or an increase of between 20 and 28 bmep. The cost of 
equipping an engine with a turbocharger and the Buchi exhaust- 
pipe system is very nearly in the ratio of this increase so that the 
final cost per bhp of the supercharged engine is approximately 
the same as the cost of the standard nonsupercharged engine. 


1 


By the simple expedient of adding to the supercharging equip- 
ment an air cooler whose dimensions may be 15 in. square X 4 
ft long for 2600 cfm, and supplying cooling water at 80 deg F to 
remove 3 Btu per min per bhp, the engine output is increased to 
155 per cent of nonsupercharged rating. 

The cost of this cooling equipment will be about $3 to $4 per 
hp, gained by cooling. The author believes this to be the lowest 
cost on record for a Diesel-engine horsepower. The extreme 
simplicity of equipment and ease of operation and maintenance 
should bring about universal acceptance of intercooling and 
render the uncooled turbocharged engine obsolete. 

Compared with the nonintercooled turbocharged engine, 
intercooling to 90 deg F reduces the cost per horsepower by 
about 181/2 per cent. The weight and volume of the engine are 
reduced about 20 per cent for the same horsepower. 

Beyond this lies high-pressure intercooled supercharging using 
rmultiple-stage turbochargers, which promises in the near future 
to revolutionize the design of internal-combustion engines. 
Those engineers who accept the challenge of this discovery and 
bend their efforts toward the solution of the problems involved 
in developing this new engine will help to guide the internal- 
combustion-engine industry toward greater expansion and in- 
creased importance in our civilization. g) 


Discussion 


G. J. Harsumarer.t The author analyzes the internal-com- 
bustion engine primarily as a heat engine. As such it is im- 
portant that we maintain a balance of heat, adding it where 
necessary and removing it where it is undesirable. In the case of 
the supercharger intercooler, that is, the cooling unit itself, we 
are interested primarily in the removal of heat and generally 


4 Sales Manager, Contract Products Division, Young Radiator 
Company, Racine, Wis. 


740 


speaking, removing as much as possible. In terms of heat trans- 
fer we find the engine jacket water at a temperature level too 
high to afford a means of cooling the supercharged air. We look 
therefore to an outside source of water, normally the raw-water 
supply which is used for cooling the engine jacket water and 
the oil coolers, or in the case of a marine engine, the sea water, 
in which case we must be careful to design into the intercooler 
unit a construction with materials that are resistant to salt-water 
corrosion. 

The intercooling of supercharged air is comparatively new; 
however, we did accomplish this and in production-lot quantities, 
starting back in 1939, on the smaller high-speed 4-cycle Diesel 
engines ranging in the neighborhood of 150 to 200 hp. Later on 
during the war period we did this for other engines also in the 
higher-speed Diesels, namely, in the 3800-hp range. Fig. 13 of 
this discussion shows a small cooling unit used with a 300-hp 
marine supercharged Diesel engine. The core element of this unit 
is approximately 6 in. square and this will give a relative idea of 
the over-all size of the cooling unit. This unit is capable of 
handling anywhere from 300 to 600 cfm of supercharged air and 
of cooling this down to within about 25 deg of the temperature 
of the sea water. The unit was designed and manufactured 
entirely of salt-water-corrosion-resistant materials and, in being 
furnished for the requirements of the United States N. avy, was 
built in compliance with the applicable specifications of Heat 
Iixchanger Specification 66Cl of the Heat Transfer Section of the 
United States Navy, Bureau of Ships. 

Fig. 14 shows the performance curves for this unit, which 
basic data have served well in approximating the size of the inter- 
cooler units being furnished for some of the larger slower-speed 
Diesel engines today. It will be noted that all of the character- 
istics are plotted against engine rpm. The sea-water tempera- 
ture rise is negligible. The sea-water flow rate is such as dictated 
by the other parts of the cooling system. The air-pressure drop 
is within an acceptable range, and it will be noted also that the 
sea-water pressure drop is almost negligible. 

In the meantime some of the engine designers had indicated a 
preference for an intercooler unit which would be round in shape, 
and from a design standpoint this seems to be the logical arrange- 
ment of heat-transfer surface, because of the over-all shape of 
the unit, the straight-through air flow, and the ease of installation 
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to the engine. Naturally this round-type intercooler would be 
more desirable, fitting readily and neatly into the air duct from 
the supercharger blower to the engine intake manifold, and it is 
generally conceived by the engine designer as a unit which would 
be about the same diameter size as the air duct, or at least not 
much larger. An intercooler of this design has been developed, 
and is shown in Fig. 12 of the paper. This has been applied to one 
of the larger supercharged Diesel engines. The cooler itself, 
Fig. 15 of this discussion, is approximately 22 in. diam with 
approximately 1100 tubes, 1/, in. diam, making up the tube nest, 
the salt water from the engine cooling system flowing through the 
flanges as shown and the air flowing through the tubes. The unit 
handles approximately 2000 cfm with a pressure drop of about 8 
in. water gage, and cools the air to within about 20 deg F of the 
water temperature. 

As yet this type of unit has not been made available in pro- 
duction-lot quantities and there is some doubt that it will be, at 
least in its present shape and form. It must be remembered that 
the raw water, or the salt water in marine applications, passes 
around the smaller tubes in very narrow and restricted passages 
inside of this round unit. So far the design of this round-type 
unit has not been cleanable from the sea-water side. However, 
that factor is being given further consideration and the round- 
type intercooler may yet be available for the engine designer in 
the not too distant future. : 

As in all engineering considerations, design too is a matter of 
compromise, and in the design of the supercharger-intercooler 
unit itself the compromise is that of shape and size with perform- 
ance in terms of cooling efficiency as well as of maintenance and 
serviceability im operation. There is also a compromise in the 
arrangement of the heat-transfer surface, that is, A compromise 
in over-all height and width against pressure drop in the air 
stream passing through the cooling unit. 

The following is what might be considered an over-all com- 
promise in terms of one of the latest intercooling units now being 
applied to one of the larger slow-speed Diesel engines. This en- 
gine, a six-cylinder model, 16-in. bore, 22-in. stroke, operating 
at 325 rpm when supercharged, has a rating of 1200 hp as 
against the 750-hp rating unsupercharged. With supercharger 
intercooling, it is expected to bring the rating of this engine up to 
1500 hp at the same engine speed. The intercooler unit has over- 
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all dimensions of 53 in. length, 18/2 in. height and depth in the 
direction of air flow of 71/s in., although the core element itself 
to which the supercharged air stream is exposed, measures only 
48 in. between the end headers, 16/s in. height and 51/s in. depth 
in the direction of air flow. 

This unit in over-all volume is somewhat smaller than the 
intercooler unit to which the author referred in his paper, and it is 
offered to give cooling performance even a little better than that 
same unit. More specifically, it is designed to handle an air flow 
of 3900 cfm with an air-inlet temperature coming from the super- 
charger at 155 deg F, cooling the supercharged air down to 90 
deg F. The cooling-water temperature maximum is 80 deg F, 
and with lower water temperatures the leaving temperature of 
the supercharged air coming off the cooling unit will of course be 


less, that is, approximately 10 to 15 deg above the water tempera- 
ture. 

In this particular case we have figured on a cooling-water flow 
of from 200 to 250 gpm, which is the same water flow available 
for the engine jacket-water heat exchangers and the lube-oil heat 
exchangers. The raw water would flow through the supercharger 
intercooler before passing through the other heat exchangers as 
there is only about a 24/, to 3 deg F temperature rise in the 
cooling water passing through the supercharger intercooler. 
This unit, incidentally, has approximately 150 tubes, 3/s in. diam, 
and in its performance we estimate the pressure drop on the 
air side will run in the neighborhood of 21/2 to 3 in. water gage. 

The weight of this intercooler unit is approximately 350 
Ib. As yet it is not being manufactured in production-lot quan- 
tities, but even on the smaller-quantity basis the cost figures 
today indicate that the $2 per hp figure which the author quotes 
is not far out of our reach. In fact, depending upon the size of 
engine and the quantity manufactured at one time, we find cur- 
rent costs on intercooler units of this kind running from $2.50 
to about $5 per hp, based upon the increase of horsepower which 
will be obtained from the intercooling alone. This does not 
take into account the cost of the application and the additional 
materials such as the duct work and manifolding which the 
engine manufacturer will have to consider in his design costs. 
It is a figure based on the cost of the intercooler itself as an 
accessory item. 

This cost, however, will be less as time goes on, particularly 
as plans are being made eventually to work out a standard inter- 
cooler design which can be made adaptable to more than one 
engine installation and which conceivably may be manufactured 
in larger quantities, resulting in ultimately lower costs. It is not 
unreasonable therefore to look forward to approaching the 
figure of $2 per hp or possibly even improving upon that figure. 
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Several large-capacity high-altitude low-temperature 
test chambers for aircraft-engine work were constructed 
during the war. The present paper describes in some 
detail the equipment and operation of the first of these 
at the Bavarian Motor Works. 


ARLY in the year 1941 the German Air Ministry author- 
iD ized the construction of the first large-capacity high- 

altitude low-temperature aircraft-engine testing Jabor- 
atory. This decision was predicated on the conviction that the 
further rapid development of high engine powers at altitudes 
could most rapidly be accomplished by ground-level testing 
under actual high-altitude low-temperature high-speed flight 
conditions. Of paramount importance was the cooling problem 
of both air- and liquid-cooled conventional engines, and the sat- 
isfactory performance and operation under altitude conditions 


Motor Works Altitude- 
Test Facilities 
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of their then little-known jet-propulsion engine. Prior to 1941 


‘all laboratory altitude testing consisted of holding only the engine 


exhaust and carburetor air inlet at altitude conditions. Because 
of the experience and success that the B.M.W. had with such 
testing, it was directed to build the first really large altitude-test 
plant. The plans called for a maximum refrigerated air supply 
of 531b per sec at —80 F, and an evacuation capacity of 53 lb per 
sec at 26,000 ft altitude, with a maximum operating altitude of 
52,500 ft, as given by curve A, Fig. 1. 

Shortly after authorizing the first plant, the German Air 
Ministry, often referred to as R.L.M., authorized the construc- 
tion of four more such plants, some of which were to be over 
twice as large as the Bavarian Motor Works (B.M.W.) plant. 
The new plants were to be for the research establishment of the 


1 Engineer, Aircraft Gas Turbine Division, General Electric 
Company. Mem. A.S.M.E. 

Contributed by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of THE 
Ammrican Society or MECHANICAL ENGINEERS. 

Norm: Statements and opinions advanced in papers are to be 

- understood as individual expressions of their authors and not those 
of the Society. 


Luftwaffe, known as E.D.L; German Experimental Establish- 
ment for Aviation, know as D.B.L; Daimler Benz and Junkers. 
Motor Works. This policy was to make altitude-testing facili- 
ties available to the three leading German reciprocating and 
gas-turbine aircraft-engine manufacturers, as wel] as the two 
leading government research institutions. The two government 
plants were to have exhausting and refrigerating capacities as 
shown by curve B, Fig. 1. The plants at the three engine manu- 
facturers were to be as given by curve A, Fig. 1, with space and 
foundations provided for eventually increasing the plant capacity 
to curve B, Fig. 1. 

Between 1941 and 1943, as the hopes for larger engines rose 
and fell, doubling the capacity of the B.M.W. plant was author- 
ized and canceled several times. Some 3 years after construction 
was started, the B.M.W. plant, a cross-section model of which 
is shown in Fig. 2, went into operation in October, 1944, with a 
refrigeration and evacuation capacity of 53 lb per sec at 26,000 
ft altitude and a maximum working altitude of 52,500 ft. The 
plant operated successfully from the very beginning and was in 
continuous service up to the time of occupation by the American 
forces, except for short outages to repair bomb damage. Be- 
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cause of the critical shortage of electric power in the Munich 
area, brought about by heavy Allied air bombardment, the plant 
could be operated only from late evening until early morning. 
_ As the construction of the other test plants was lagging behind, 
y the German Air Ministry made the B.M.W. plant available 
4 to the other engine manufacturers on a priority basis. 

From October, 1944, to April, 1945, several reciprocating 
H engines and approximately 20 Junkers 004 and B.M.W. 003 
_ jet-propulsion engines were completely altitude-tested. 


= 


B.M.W. PLant AND EQuIPMENT 


Test Chamber. The altitude test chamber, as shown in Fig. 
3, consists essentially of a Jarge cylinder in which the aircraft 
- engine to be tested is mounted on a movable carriage. Refrig- 
~ erated air under the desired conditions of temperature, altitude, 
_ pressure, and velocity is rammed into the front end of the engine. 
_ The exhaust system connected to the rear section of the cylinder 
removes the exhaust gases and cooling air. In the case of air- 
or liquid-cooled reciprocating engines and propeller-drive aircraft 
gas turbines, the power output is transmitted by a drive shaft 
through the inlet-air elbow to a combination water brake and 
electric dynamometer located on the left-hand side of the test 
chamber. 

Fig. 4 shows the manner in which a jet-propulsion engine is 
mounted for testing. The air connection to the front end of the 
engine is through a free-sliding Jabyrinth joint transmitting no 
axial forces. With the unit mounted in a frame on rollers, the 
thrust output of the engine is transmitted by a system of links 
and bell cranks to a thrust-measuring scale located in the test 
chamber and read through a turnable periscope from the oper- 
ating control room. 

_ Fig. 5 is the schematic piping arrangement of the entire test 
plant with the principal pressures and temperatures at various 
points. The left-hand side of the figure shows the refrigerated- 
air-supply system, and the right-hand side shows the exhausting 
system. Starting on the left-hand side, normal atmospheric air 
is compressed to approximately 2.6 atm, cooled by direct-contact 
water sprays to 60 F, followed by cooling to — 10 F, by an anti- 
freeze solution, and finally cooling to altitude temperature and 
pressure by expansion through an air-refrigeration turbine. In 
order to make available a wide latitude of air temperatures 
and pressures at the test-chamber entrance, the by-pass lines and 
heat exchanger shown in the line diagram were added. As will 
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be shown later, the purpose of the heat exchanger is to make 
possible rapid changes in temperature to the altitude test cham- 
ber without producing icing conditions. an 

Air Compressor. The air compressor is a three-stage radial- 
flow centrifugal unit with automatically controlled variable 
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Fig. 8 Arr-Suppty ComMPRESSOR AND REFRIGERATION TURBINE 


diffuser vanes and was built by the Brown Boveri Company. 
Fig. 6 shows a plot of pressure ratios for various air flows for this 
compressor. The design point and expected curve are given for 
various constant values of diffuser angle from 25 to 120 deg. 
These curves show that the compressor can operate stably be- 
tween air flows of 10 1b per sec to approximately 551b per sec. An 
automatic control, actuated by air flow, varies the diffuser angle 
setting for operation along the designed curves. Fig. 7 shows 
the cable and linkage system used to control the angle of the 
diffuser vanes. 

Fig. 8 is a view of this compressor with the refrigeration 
turbine that drives it shown on the right-hand side. The 
difference in power between the turbine and compressor is made 
up by the 3300-kw motor on the left-hand side, which is con- 
nected to the compressor through a step-up gear. 

The compressor driving motor was made large enough to carry 
full load on the compressor without the help of the refrigeration 
turbine. Operation of the compressor and refrigeration turbine 
is at a constant speed of 4370 rpm, while the driving motor runs 
at 990 rpm. The concrete blocks surrounding the motor were 
placed there during the last few months of the war as a protec- 
tion against damage due to Allied bombing attacks. Similar 
concrete protection was placed around all other vulnerable appa- 
ratus as protection against bomb damage. 

Air-Cooling System. The air leaving the air-supply compressor 
is cooled by a heat exchanger from 0 to 70 F, depending upon the 
method of operation. The next stage of cooling is accomplished 
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in a water-cooling cylinder, a cross section of which is shown in 
Fig. 9. The air enters at the bottom left-hand side and passes 
up through a mat of small porcelain tubes each about 5/g in. 
long and */,in. OD X 1/2 in. ID. These tubes are piled indis- 
criminately to form a mat with large surface area and many 
projecting corners. The total depth of this mat is approximately 
36 in. Cooling water that is distributed evenly over this mat 
by means of sprays flows down through and around the tubes, 
finally collecting in the bottom of the cooler. 

After the air has been cooled by contact with the water flowing 
over the surfaces of the short porcelain tubes, it goes up through 
another similar mat of tubes approximately 24 in. thick. In 
going through this second mat the excess moisture carried in 
suspension is effectively removed by the many sharp corners and 
narrow twisting paths up through which the air must go. Air 
leaving the top of this cooling cylinder is approximately at the 
compressor-discharge pressure of 2.6 atm and saturated with 
water vapor at a temperature of 60 F, At this temperature and 
pressure the air will hold in saturation approximately 50 grains 
of moisture per |b of air. In summer time this may be less mois- 
ture than in the incoming air but more than it is likely to hold in 
the winter months. 

The next stage of cooling is similar in construction and oper- 
ation except that an antifreeze solution is used instead of water. 
The outgoing air temperature from the second stage of cooling is 
about 10 F below zero, At this temperature and 2.6 atm, the 
saturation moisture content is reduced to 1.5 grains per lb of 
dry air. To accomplish this cooling the antifreeze solution enters 
the cooling chamber at —16 F and is removed at —6 F. Due 
to lowering the air temperature, approximately 1320 Jb of mois- 
ture is condensed out of the air every hour. This is absorbed in 
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the antifreeze solution from which it is removed by special mul- 
tiple-effect evaporators. This is done on a continuous basis by 
sending a small fraction of the liquid leaving the air cooler through 
the concentrating process before going to the antifreeze cooling — 
system. The antifreeze solution used was obtained under the 
trade name of Reinhartin and is believed to be of a calcium- 
chloride base with an inhibitor to reduce corrosion. 

Cooling Antifreeze Solution. Cooling of the antifreeze solu- 
tion is accomplished by an integrally designed refrigeration unit 
manufactured by Brown Boveri Company and sold under the 
trade name of “Frigibloc.” This unit, consisting of a seven- 
stage centrifugal freon compressor, shown in Fig. 10, is built 
integrally with a condenser, evaporator, and all necessary ac- 
cessories. Ther efrigerant gas used.is freon F-11. It is extracted 
at the end of five stages and after passing through an inter- 
cooler is returned to the entrance of the sixth stage. Elaborate 
oil shaft seals are used to prevent air leakage in and freon leakage 
out. The compressor is driven by a 400-kw direct-connected 
motor running at 2950 rpm. 

Fig. 11 shows the schematic arrangement of the component 
parts. The centrifugal compressor is shown at the center top 
and the evaporator, consisting of a tube heat exchanger with the 
antifreeze solution circulating inside the tubes, is shown directly 
below the compressor. The intercooler between the fifth and 
sixth stages is shown on the left-hand side, while the condenser 
with its liquid aftercooler is shown on the right-hand side. The 
schematic system for the shaft seal is shown in the upper left- 
hand corner, while the purging system is shown in the lower 
left-hand corner. 

Refrigeration Turbine. The —10 F air coming from the anti- 
free: e cooling chamber is expanded to altitude pressure in a re- 
friger: ion turbine designed and built by Brown Boveri Com- 
pany. It is of conventiona] design having a single stage and 
eight equal admission-valve arcs. Good mixing between the air 
being by-passed around the turbine and that going through was 
obtained by building the by-pass directly into the turbine. The 
turbine buckets and wheel were made of a special nickel steel to 
withstand the low temperatures encountered. No insulation 
was applied to the outside of the turbine as it was felt it would 
interfere with accessibility and maintenance. This results in some 
heat absorption by the cold air but does not appear to be serious. 
The turbine is operated at a constant speed of 4370 rpm and is 
directly connected to the air-supply compressor as a means of 
loading. Fig. 12 gives the minimum air temperature that can 
be obtained at the test chamber after correcting for turbine and 
pipe-line heat loss. As can be seen from the curve, a minimum 
test-chamber air-inlet temperature of approximately 50 deg F 
below standard N.A.C.A. altitude temperatures can be main- 
tained with flows of 20 lb per sec and more up to 40,000 ft alti- 
tude. 


DANGER oF IcING 


In the operation of a turbine-expansion cycle of this type for 
air-cooling there is always the danger of icing resulting from 
moisture condensation. As air is expanded to lower pressures, 
at constant temperature, it will hold greater amounts of moisture 
in saturation, As the temperature is reduced at constant pres- 
sure, the amount of moisture that can be held in saturation is 
rapidly reduced. Fig. 13 shows the plot of constant-saturation- 
moisture-content lines on a pressure-temperature field. From 
these curves it can be seen that with a turbine-inlet moisture 
content of 1.5 grains per lb of dry air, the moisture content can 
be kept below saturation along the N.A.C.A. altitude-tempera- 
ture curve only up to 30,000 ft altitude and again above approxi- ~ 
mately 65,000 ft altitude. Between these two altitudes at 
N.A.C.A. temperatures and through broader limits at lower 
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than N.A.C.A. temperatures, the air has more moisture than it 
can hold in saturation and the possibility of ice formation 
exists. 

The designers of the B.M.W. test plant were aware that such 
icing might give trouble and considered in the initial design 
stages the installation of chemical driers for removing additional 
moisture from the air. Because of the size and expense of such 
driers, they decided to try the system without and find out by 
experience just how serious the icing problem would be. To 
date they have operated the plant several hundred hours, al- 
though not more than 6 hours continuously, in the range in which 
icing troubles should occur, as indicated in Fig. 13, and report 
that they have had no sign of trouble. 

The author’s personal experience with similar altitude-refrig- 
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eration equipment in the United States has shown that icing 
problems increase rapidly as the air-moisture content gets above 
3 to 4 grains per lb and decreases rapidly below 3 grains. This 
evidence indicates that quite likely little icing trouble will be 
encountered if the moisture content can be held down to 1.5 
grains. 

If air temperatures higher than those obtained going through the 
refrigeration turbine are desired, air can be by-passed around 
the turbine and the air temperature to the test chamber raised 
to —10 F, with a moisture content of not over 1.5 grains. If 
still warmer air is desired, the piping is so arranged that the 
—10 F air from the antifreeze cooling chamber can be returned to 


, 
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a heat exchanger between the supply air compressor discharge 
and the first water air cooler. The maximum temperature that 
can be obtained in this manner is 120 F. By this method air 
dried to 1.5 grains can be delivered to the test chamber at tem- 
peratures ranging from +120 F to —100 F. This is of particu- 
lar value when obtaining compressor efficiencies by the tempera- 
ture-rise method, especially with Jow inlet-air temperatures. 

The heat exchanger between the compressor and the water 
cooler is used to rapidly heat the cold-air lines betyveen the tur- 
bine discharge and the test chamber when shifting from a low 
temperature point to a higher temperature point. The by-pass 
valve from the air-compressor discharge to the turbine inlet is 


rarely used because of the moisture and icing problems encoun-. 


tered by moisture-laden warm air striking cold surfaces. 

The inJet-air temperature to the altitude cylinder is controlled 
by changing the ratio of the air by-passed around the refriger- 
ation turbine to the air that goes through the turbine, with the 
controls set so as to hold a constant total air flow. The inlet- 
ram conditions to the engine under test is obtained by varying 
the total air flow to the test chamber by increasing or decreasing 
both the air by-passed around the turbine and that going through 
the turbine. The controls are such as to maintain a constant 
ratio between the two. 


Artr-EXHAUST SYSTEM 


The altitude cell is exhausted by means of two four-stage 
motor-driven centrifugal exhausters For low altitudes the 
exhausting units are operated in parallel while for higher alti- 
tudes the exhausters are operated in series. The change-over 
point is the break noted in curve A, Fig. 1. The larger of the two 
exhausters, shown in Fig. 14, operates at 3200 rpm and is driven 
by a 4500-kw 990-rpm motor through a step-up gear. The 
smaJler unit operates at 4785 rpm and is driven by a 2700-kw 
990-rpm motor through a step-up gear. These exhausters were 
built as multiple-stage centrifugal units rather than axial flow 
because of the belief they would have broader stability limits 
and would be less subject to performance deterioration due to 
accumulation of dirt. 

Fig. 15 gives the pressure-ratio air-flow characteristics of the 
two exhausters. Fig. 16 is an outside view of the V1104 or 
smaller of the two exhausters. The two projecting flanges on 
the top half-casing hold membrane-type explosion vents that 
blow out in case of an explosion in the exhaust system. The 
motors driving these exhausters and the air-supply compressors 
are of the three-phase alternating-current asynchronous type 
with wound rotors. Starting is accomplished by inserting liquid 
resistors between the slip-ring connections. As the speed in- 
creases the Jiquid resistance is decreased until it becomes zero 
for normal operation. It was originally planned to control the 
exhaust pressure by speed control obtained by varying the rotor 
resistance. This did not prove to be practical and as a result 
the exhausters are operated at full speed, and chamber altitude 
pressure is maintained regardless of flow, within the limits of 
operation, by an automatic hydraulic system controlling the 
throttling valve just ahead of the first exhauster. When 
the system air flow gets below the stable range of the exhauster, 
air is bled in from atmosphere to the exhauster inlet. 

The exhaust system is so valved that the change-over from 
series to parallel operation can be made by remote control while 
the units are operating and the test is going on. Smooth change- 
over is obtained on the three valves that it is necessary to change 
by making two self-acting, nonreturn check valves, and the 
third, a motor-operated gate valve. In changing over it is neces- 
sary to change only the motor-operated gate valve and the 
other two valves automatically follow in the proper sequence. 

The hot exhaust gases leaving the test-chamber discharge 
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are reduced to approximately 525 F by automatically operated 
water sprays. Additional cooling of the exhaust gases to approxi- 
mately 100 F is accomplished by a surface gas cooler using water 
as a cooling medium. When the exhausters operate in parallel 
each discharges to the atmosphere through a brick stack. When 
the two operate in series an additional surface gas cooler is placed 
between the two exhausters to reduce the inlet temperature of 
the second one to approximately 100 F. 


ALTITUDE Test CHAMBER 


The altitude test chamber is a cylindrical body about 26 ft 
long and 12.5 ft diam. To withstand possible explosions, the 
chamber was tested with an internal pressure of 150 psi. The 
side walls are 0.8 in. thick and the end domes 1.38 in. thick. 
Since they had had no previous experience with such chambers, 
four large membrane explosion reliefs 34/2 in. diam were pro- 


—— 
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vided on the top side of the chamber. In order that the escaping 
gases from these vents would not damage the building, an explo- 
sion shaft was built above the chamber. To date no explosions 
have been experienced. This has been attributed to the large 
amount of excess air. Starting of the engine has always been on 
gasoline and some fires on starting have occurred. These have 
always been quickly extinguished by closing off the cooling-air 
supply to the chamber and injecting CO? gas. Experimental 
attempts were made to extinguish fires by quickly raising the 
altitude to 50,000 ft. This procedure failed to put out the gaso- 
line fires, The author has seen similar oil fires in altitude cham- 


‘bers that were quickly put out by raising the altitude to 40,000 ft. 


The entire exhaust-pipe system is protected against explo- 
sions and overpressure by a large number of explosion valves 
built especially for this particular job. These valves are spring- 
closing check valves of very light construction so that any sudden 
rise in pressure will quickly open them. 

Access to the altitude chamber is obtained by removing the 
entire end dome and exhaust elbow. This operation is made 
entirely automatic, requiring only the pressing of several buttons, 
by the ingenious use of two power-operated bayonet-ring joints. 
Fig. 17, which is an end view of the altitude chamber, shows the 
large ring bayonet joint. After the two joints are opened a jib 
erane supporting the discharge elbow and end dome swings the 
assembly out of the way. In the center can be seen the exhaust 
nozzle of the jet engine under test together with the supporting 
test frame on which it is mounted. 

All electrical, pressure, temperature, and fuel-supply lines to 
the test frame are made by quick connectors. This allows the 


Fig. 18 Enoins-Conrrot Boarp, ALTITUDE Test CHAMBER 
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entire engine assembly to be quickly removed or installed. Such 
a complete change has been made in less than 2 hr. Fig. 18 isa 
view of the instrument board in the engine control room. In 
the center can be seen the turnable periscope used for viewing the 
engine in the protected altitude chamber. Important tem- 
peratures and pressures needed for the proper operation of the 
engine are given by direct-reading instruments directly in front 
of the operator. Special test temperatures are read on portable- 
type potentiometers on the left-hand side of the control board, 
while special pressures are read on mercury manometers on the 
right-hand side. 

Fuel flow metering equipment is placed in a large tank that is 
vented to the altitude chamber. Two systems were originally 
set up to serve as a cross-check. One was a weight-tank system 
and the other was a volume measurement in which photoelectric 
cells operated an electric timer. Owing to trouble the photo- 
electric-cell volume method was discarded and the weigh-tank 
readings taken without a check method. 

Speed measurements were made using a standard aircraft-type 
tachometer. On jet-propulsion engines, engine speed was held 
constant and of an exact value by making a, matching strobo- 
scopic disk appear stationary. The disk was driven by a small 
synchronous motor connected to a small synchronous generator 
on the engine. The flashing light source for the stroboscopic 
disk was from a special constant-frequency source and did not 
depend upon power-line frequency. 

Fig. 19 is a view of the refrigeration and evacuation con- 
trol room. From this point the operator controls the altitude 
pressure in the test chamber, the inlet-air temperature, and the 
inlet-air velocity or ram pressure. This information is trans- 
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mitted to the operator from the operator in the engine-control 
room over a, public-address system. 


TeEstiInc PRope.LEeR-Drive ENGINES 


Propeller-drive engines were loaded onto a combination water 
brake, and electric dynamometer. The water brake, whose 
characteristics are given in Fig. 20, was of the Froude design and 
had a capacity of 5000 hp over a speed range of 1000 to 2500 rpm. 
This brake was cradled with and directly connected to a Siemens 
Schuckert electric dynamometer that was capable of absorbing 
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1100 kw as a generator and developing 780 kw as a driving motor. 
The electric load of the dynamometer was loaded into a d-c — agc- 
motor-generator set that pumped back into the main a-c power: 
lines. The total torque developed by the water brake and electric. 
dynamometer was read on a single electric light beam weigh 
seale. 

In spite of being designed and built under wartime conditions, 
no effort or expense was spared to make this plant the very best 
in all respects. That the Germans succeeded in this is testified 
to in the excellent manner in which the plant operated. 


Tam |). le » 
asian ne earns 


Peanut-Meal Plywood Glue 


By R. S. BURNETT! ann E. D. PARKER! 


In this paper the results are given of work done at the 
Southern Regional Research Laboratory in which specifi- 
cations were established for peanut meal for use in prepar- 
ing plywood glue. A satisfactory formula has been de- 
veloped. Joint tests show that the peanut-meal glue 
meets the requirements established for casein and casein- 
type glues. Comparisons of peanut-meal glues with other 
-water-resistant glues are made. 


preparation of plywood glues began in 1927 with the use 

of soybean meal from Manchuria. This development 
took place in the Pacific Northwest to meet the needs of the 
Douglas-fir plywood industry for a cheap water-resistant glue. 
Although soybean-meal glue is more suitable for softwoods than 
for hardwoods, considerable amounts are used on hardwoods 
grown in the eastern and southern United States, especially in 
the manufacture of water-resistant box shooks (1).2 While the 
preparation of plywood glue from other oilseed meals such as 
peanut (2, 3) cottonseed (4), castor-bean (5), and hempseed 
(6) meals has been investigated, to our knowledge only soybean- 
‘meal plywood glue has been used in significant amounts in this 
country. Of the latter 30,000 tons were consumed in 1942 (7). 
‘The present investigation is concerned with the preparation of a 
plywood glue from peanut meal. 

The increase in peanut acreage in the South during the past 
ten years has made available a supply of protein-rich meal, but 
the preparation of plywood glue from this meal has been pre- 
vented by lack of the necessary technical information. The 
required information must include the development of a formula 
for preparing a suitable glue which must not only be capable of 
making a strong glued joint but must have flow properties that 
permit the glue mixture to fit effectively into the mechanical 
processes used to. make plywood. Spreading characteristics, 
“working life,”’ assembly time, ‘etc., are all dependent on good 
flow properties. It is necessary to know also what influence the 
processing conditions employed to separate the seed into oil and 
meal have on the suitability of the meal for use in plywood 
glue. 

As a result of work completed to date at the Southern Labora- 
tory, specifications have been established for a peanut meal suit- 
able for use in preparing plywood glue; a satisfactory glue form- 
ula has been developed; and information has been obtained with 
respect to the behavior of the glue under varying conditions of 
assembly time, pressure, ete. Conrparisons of peanut-meal glues 
with other water-resistant glues have also been made. 


ais FIRST large-scale application of an oilseed meal to the 


Test MretHops 


The only way to evaluate a plywood glue is by gluing wood and 
measuring the strength of the joint obtained. Methods for 
evaluating plywood glues by the plywood and the block shear 
tests, developed by the U. 8. Forest Products Laboratory, have 


1 Southern Regional Research Laboratory, New Orleans, Louisi- 
ana. One of the laboratories of the Bureau of Agricultural and 
Industrial Chemistry, Agricultural Research Administration, U.S. 
Department of Agriculture. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Wood Industries Division. 

Statements and opinions advanced in papers are to be understood 
as individual expressions of their authors and not those of the Society, 
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served as a basis for Federal specifications for water-resistant 
glues (8, 9). The use and interpretation of data obtained by the 
application of these methods are discussed in several readily 
available publications (10, 11, 12). Such methods are subject 
to many variations which are difficult to control; they are not 
sufficiently accurate to measure small differences but they pro- 
vide a means of making relative comparisons of one product with 
another. What actually is measured by such methods is the 
strength of the glued joint obtained rather than the strength of 
the glue. In other words, these methods of evaluation serve as a 
measure of the success of a gluing operation with a given glue. 

The three principal tests required to evaluate a plywood glue 
are the dry and wet plywood shear test, the block shear test, 
and the measurement of the viscosity of the glue to determine its 
working life and setting properties. 

The plywood shear test is made on specimens of birch plywood 
which have been prepared with the glue to be evaluated. The 
test pieces are subjected to tension in a standard plywood shear- 
testing machine until the joint fails. The load required to break 
the test pieces and the amount of wood failure is measured on dry 
joints and on those which have been soaked in water for 48 hours. 
This test is especially valuable for measuring the resistance of a 
glued joint to water. The specifications for casein and casein- 
type water-resistant glues (8, 9) require dry and wet plywood 
shear strengths of 340 and 140 pounds per square inch, respec- 
tively. There was no wood failure found in any of the wet joints 
tested except those made with one of the two lots of the casein 
glue mix containing blood and soybean meal reported in Table 9. 
In the plywood shear test the grain of the core of the 3-ply test 
pieces is at right angles to the faces. 

In the block shear test the minimum requirement is 2800 lb 
per sq in. (8,9). The grain of the two glued hard-maple blocks is 
parallel and a compression force is applied in the direction of the 
grain. 

According to Federal specifications, “‘a glue shall be considered 
to have reached the end of its working life when it reaches a vis- 
cosity of 800 poises.” For this test an orifice-type viscosimeter is 
recommended. However, for simplicity and speed of operation, 
the present investigators prefer to use a MacMichael rotating-cup 
viscosimeter employing a bob suspended from a torsion wire. 
When wire No. 26 is used with this instrument a reading of 290 
deg is roughly equivalent to the maximum viscosity of 800 poises 
specified. Since the peanut-meal glues exhibit thixotropy, they 
must be stirred thoroughly to break down incipient gel formation 
before reliable viscosity readings can be made. 

The gluing schedule followed in all of the plywood shear tests 
reported herein, unless otherwise indicated, was as follows: 


Glue to water, proportion by weight 1 to3 

Temperature of wood and glue 75 to 77 F. 

Glue spread 70-75 lb per 1000 sq 
ft 

Closed assembly time 5 to 9 min 

Pressure 150 lb per sq in. over- 
night at 75 to 77 F. 

Age of glue mixture when used lhr 


Moisture content of wood and of test 
pieces 

Number of tests for each average 
value reported 


6 to 7 per cent 


15 (3 panels) 
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For the block shear test the gluing schedule was the same as for 


the plywood shear test with the following exceptions: 


Pressure, 200 lb per sq in. 
Number of tests for each average value reported, 5-15. 


To control the moisture content in the wood and test samples 
used for the plywood and block shear tests an inexpensive, easily 
constructed, constant humidity room was built. This was de- 
scribed in a previous publication (13). Test samples held in this 
room for 72 hours at a relative humidity of 32 per cent reach an 
equilibrium moisture content of 6 to 7 per cent. 


FormuLa DEYELOPMENT 


Finely ground oilseed meals are required for the preparation 
of plywood glues. Because of the 6 to 10 per cent of oil which 
remains in hydraulic-press meals a flour cannot be prepared by 
ordinary sifting methods. It is necessary therefore to employ 
an air separator to obtain a flour of the desired fineness. The 
peanut flours used in this investigation were ground and sized 
so that 80 to 90 per cent would pass through a 200-mesh sieve; 
the sieve tests being run after the oil was removed by means 
of solvent. The oil remaining in the meal serves to prevent the 
glue from foaming during the mixing and spreading operations. 

A readily available peanut-meal flour, Table 4, meal No. 1, 
which had been produced under controlled conditions for use as a 
food was chosen for the preliminary work on the development of 
a plywood-glue formula. It had a high protein content and was 
processed to separate the oil and meal at relatively low tempera- 
tures. Subsequent work showed this to be a good choice and this 
flour, or one prepared under similar conditions, was used in the 
work reported here, unless otherwise indicated. 

Casein and soybean-meal glues are usually made up with water 
and various combinations and amounts of sodium hydroxide, 
lime, and sodium silicate. As would be expected, preliminary 
experiments indicated that peanut meal so combined behaved in 
a manner generally similar to that of soybean meal and casein. 

A joint which has a high dry strength can be prepared with 
peanut meal by the use of sodium hydroxide and water alone. 
The addition of lime to such a mixture provides an irreversible 
gel which is necessary for wet strength in the glue bond. The 
addition of sodium silicate in amounts up to 15 parts per 100 
parts of meal greatly improves the spreading qualities of the glue. 
Best results are therefore obtained when all three alkalies are 
present in the glue mixture. 

Taking into account viscosity characteristics, working life, 
water requirements, and the wet and dry strengths of the ply- 
wood joint obtained, the combination of alkalies which has 
given the best results with peanut meal is: hydrated lime 15 
parts, sodium hydroxide 4 parts, and sodium silicate 15 parts per 
100 parts of peanut meal. Some of the data obtained in arriving 
at this formula are given in Table 1. In the series of tests re- 
corded in the table the amount of sodium silicate and tetrasul- 
phide, ,discussed later, was held constant. The addition of 
hydrated lime up to 15 parts per 100 parts of meal was found to 
increase the wet shear value. The use of less than 10 parts of 
hydrated lime gave glue mixtures with unstable viscosities, 
whereas with the addition of 10 and 15 parts of hydrated lime the 
viscosities were stable at all concentrations of sodium hydroxide 
shown. Increasing the amount of sodium hydroxide from 2 to 6 
parts increased the dry strength somewhat and lowered the wet 
strength. A good compromise therefore is the formula contain- 
ing 15 parts of hydrated lime and 4 parts of sodium hydroxide per 
100 parts of meal. However, any one of the last six formulas in 
Table 1 provides good joints and has good viscosity characteris- 
tics. 

A plywood glue which will produce a joint having a wet strength 
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up to about 80 lb per sq in. can be prepared by the addition of | 
lime, sodium hydroxide, and sodium silicate to the peanut meal. 
However, to further increase the water resistance of the glue it is 
necessary to use, in addition to lime, another insolubilizing agent, 
and the most satisfactory one which has been tried is carbon di- 


TABLE 1 EFFECT OF SODIUM HYDROXIDE AND LIME ON THE 
VISCOSITY AND PLYWOOD SHEAR STRENGTH OF PEANUT- 
MEAL GLUE WITH A 1:3 RATIO OF MEAL TO WATER@ 


Hy- Sodium Plywood ‘shear tests 
drated hydrox- ry 
lime, per ide per Viscosity in MacMichael strength Wet 
100 gof 100 ¢ of deg wire No. 26 psi; Wood strength 
meal,g meal,g 0.5 hr 1 hr 2 hr 4 hr failure % psi 
3 2 44 52 48 65 308-10 0 
3 4 85 220 300+ as nisyane stot 
3 6 99 172 Bras Ae, Petco bars 
3b 6 48 96 234 300+ 395-16 80 
5 2 37 51 76 191 383-18 128 
5 4 70 (115 (208. sie Space py 
5 6 103 187 300+ Hewes * Oy, 
5b 6 48 66 105 154 404-10 122 
10 2 50 59 65 88 398-12 138 
10 4 48 58 68 74 400-13 134 
10 6 78 84 96 88 417-38 136 
15 2 44 45 59 63 396-12 151 
15 4 56 67 74 76 424-26 139 
15 6 81 80 79 63 400-26 121 


* The amounts of sodium silicate and tetrasulphide were held constant 
at 15 g and 2 ml, respectively, per 100 grams of meal. 
6 Ratio of meal to water increased to 1:3.25. 


TABLE 2 INFLUENCE OF THE CARBON DISULPHIDE IN 
TETRASULPHIDE* ON THE VISCOSITY AND WATER RESIST- 
ANCE OF PEANUT-MEAL GLUE 


Tetra- -———Plywood shear tests -——— 


sulphide Viscosity in MacMichael Dry strength Wet 
per 100 ¢ deg, wire No. 26 b per sq in.; strength 
of meal, ml 1%/2hr lhr 2hr 4hbr Wood failure, % lb per sq in. 
0 53 45 45 37 432-18 48 
1 52 54 57 56 433-13 118 
2 51 69 71 73 444-15 140 
3 61 97 94 97 412-19 150 


@ Equal parts of carbon disulphide and carbon tetrachloride. 


sulphide (14, 15). Carbon disulphide is recommended for use in 
soybean glue. It is sold mixed with equal parts of carbon tetra- 
chloride to eliminate hazard of fire and the mixture is called 
“tetrasulphide.”” The influence on the plywood shear test of 
carbon disulphide, in the form of tetrasulphide, is shown in Table 
2. 

_From the standpoint of cost, viscosity stability, and water- 
resistance the use of 3 parts by weight of tetrasulphide per 100 
parts of meal (2 ml per 100 gm) is satisfactory. 

The complete formula for peanut-meal glue as compared with 
two commercial soybean-glue formulas is given in Table 3. This 
peanut-meal glue formula was used in all the work reported in 
this article, unless otherwise indicated. 

The low water requirement of the peanut-meal glue is impor- 
tant because it permits the addition of less water to the veneer in 
the gluing operation, with the result that less water need be re- 
moved from the plywood in the drying tunnels than is necessary 
with glues which contain larger amounts of water. 


TABLE 3 COMPARISON OF THE FORMULA DEVELOPED FOR 
PEANUT-MEAL GLUE WITH FORMULAS FOR OTHER WATER- 
RESISTANT PLYWOOD GLUES 


(Quantities shown are parts per 100 parts of meal) 


Commercial 
soybean glue 
fortified 
SRRL Commercial with casein 
peanut-meal soybean-meal and blood 
glue glue albumin 
Sodium hydroxide 4 if 5 
Hydrated lime 15 3 12 
Sodium silicate: 
Philadelphia quartz N brand 
or equivalent 15 15 25 
Tetrasulphide 3% 3 2 
Water 300 390 355 


* Ce per 100 g. 
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‘TABLE 4 INFLUENCE OF PROCESSING CONDITIONS USED ee THE MEAL ON ITS SUITABILITY FOR USE AS A PLYWOOD 


Conditions used % of total E Plywood shear tests —_ Block 
—to prepare meal— c meal N e Ratio of Viscosity, ry shear tests 
Cooking Maximum Protein soluble i meal to water Mac Michael deg strength, psi; Wet strength, psi; 
Meal time temp (N_X in 1M Lipids in glue ——— Wire No. 26 ——~ Wood strength y O0¢ 
no. min. F 6.25)% NaCl % mixture /ghr lhr 2 hr 4hr failure % psi failure % Group 
Commercial hydraulic-press meals 
1 76 215 58.4 81.0 10.5 1:3.0 44 65 90 113 417-15 147 3234- 
2 108 240 43.8 44.3 7.0 1:3.46 42 47 ~ 51 49 298-12 27 to1g-28 tt 
“34 ‘ 1:3.25 64 68 71 66 322-12 ed) Bkicge 
3 90 235 50.2 52.0 7.6 1:3.46 37 38 38 39 366-12 113 2550-17 II 
to 238 1:3.25 56 59 64 60 337-16 1S ee rion 
4 peas 53.3 38.6 1.2 1:3.46 54 58 58 59 334-10 119 2741-42 Il 
5 52.2 60.8 6.7 1:3.46 38 42 52 55 360-12 122 2780-32 Il 
1:3.25 51 49 48 43 396-19 BIT Nae 
7 1:3.00 98 103 94 75 365-83 SS eisai 
6 80 210 51.0 70.9 8.2 1:3.25 40 50 62 72 342-17 1 Re SS I 
S 1:3.00 53 71 81 an 358-17 194 2780-22 
7 44.8 63.2 8.8 1:3.46 72 84 97 104 298-13 153 2242-20 Il 
“ 1:3.46 63 77 80 arte 335-17 Lad 6 8) ees 
8 52.5 45.5 7.0 1:3.46 58 60 70 wie 397-17 TGs eto II 
1:3.46 60 65 75 78 361-15 139 2295-16 
Commercial expeller meals 
57.0 55.3 ye | 1:3.67 41 44 54 56 358-13 Ad. Wa Bee Il 
1:3.34 97 99 97 91 397-11 79 2823-15 
10 5 48.2 17.5 10.9 1:3.46 118 126 143 142 319-11 Co aeteiere re 
Pilot-plant hydraulic-press meals made from 2-year-old nuts® 
1l 60 219 53.6 75.8 8.4 1:3.25 50 66 76 93 400-14 155 3378-11 I 
12 60 240 54.6 69.2 8.5 1:3.25 55 71 80 91 374-23 152 3529-16 I 
13 80 262 54.2 37.7 12.8 1:23.25 76 85 106 119 345-14 101 2909-3 Il 
Pilot-plant hydraulic-press meals made from fresh nuts® 
14 60 220 52.5 72.3 7.0 1:33.25 38 42 49 62 325-14 LOPE eon I 
1:3 65 81 97 lll 398-25 143 2956-19 
Lads 63 80 107 113 374-11 At ee al es oct 
15 60 240 53.7 69.4 8.0 1:3.25 44 48 55 62 340-15 141.0 ae Ares I 
1:3.00 54 64 76 86 368-16 147 2829-6 
16 80 262 52.8 40.9 10.8 1:3.25 59 67 72 80 396-19 LSE Me Pcs Il 
1:3.25 62 65 74 81 389-12 134 3045-22 
17 60 225 Sk:9 76.0 8.3 1:3.00 53 59 75 76 400-29 155 3308-39 I 
Solvent-extracted meal ; 
18 Not cooked 57.3 89.5 10.06 P32.9 45 54 74 85 397-30 TAS Ge Gosiins I 


2 Two lb water added to 50 lb peanut flakes before cooking. 


6 Ten parts peanut oil added to 90 parts solvent-extracted meal in order to prevent the glue from foaming in the spreader. 


CxrorcE oF MEAL 


As pointed out, the processing conditions employed to prepare 
peanut meal have considerable influence on the suitability of the 
meal for use as a plywood glue. This is shown by the data pre- 
sented in Table 4. 

The solubility of the protein in peanut meal varies with varia- 
tions in the processing conditions employed to cook and press the 
rolled meats. This variation referred to as degree of denaturiza- 
tion, can be estimated from the percentage of the total meal 
nitrogen which is soluble in 1 molar sodium-chloride solution (16). 
Most commercial hydraulic-press peanut meals appear by this 
test to be appreciably denatured (low nitrogen solubility) as in- 
dicated in Table 4 and in an earlier publication (17). If the 
meals in Table 4 are divided into those which have a nitrogen 
solubility in 1M sodium chloride of 69 per cent or better (group I) 
and those which have a lower solubility (group I) it can be seen 
that the meals in group I make more satisfactory glues than 
those in group II. In most cases both dry and wet plywood 
strengths as well as the block shear strength is low when glues 
prepared from meals in the low-nitrogen-solubility group are 
used, the low wet strength being especially marked. The lower 
test values in group II are probably due, in part, to the necessity 
for using more water in preparing the glue mixture when the pro- 
tein in the meal has been appreciably denatured. It is also pos- 
sible that denaturization inactivates some of the groups in the 
protein molecule which are capable of reacting with lime ‘and 
carbon disulphide to increase water resistance. 

An examination of the conditions of time and temperature 
used to prepare commercial meals 1 and 6 (group I) shows that 
maximum cooking temperatures of 210 to 2195 F for 76 to 80 
minutes provide conditions for satisfactory oil recovery and at 
the same time produce a meal which is suitable for use as a ply- 
wood glue. 


Nevertheless, application of these conditions may not produce 


a satisfactory meal in all oil mills, and specific directions for pre- 
paring meal cannot be given. Each mill will need to determine 
the best procedure for preparing a meal in which 70 to 80 per 
cent of the total nitrogen is soluble in 1M sodium chloride. As 
a further check a plywood-glue test should be made with meals 
which meet the solubility specification. The complete specifi- 
cations for meal which has uniformly given good results when 
used as a plywood glue follow: 


Protein (N X 6.25) 

Percentage of total meal N 
soluble in 1M sodium chlo- 
ride 

Sieve test 


50 per cent minimum 


70 per cent minimum 
80 per cent or more throug! 

200 mesh 
Oil 6 per cent minimum 

The meals listed in Table 4, Nos. 11-17, were prepared in a 
pilot-plant special-model hydraulic press. Our experience and 
that of others have shown that meals prepared in a small mill may 
differ considerably from meals prepared under the same cooking 
and pressing conditions in a mill of greater capacity. Although 
a satisfactory meal can be prepared in the pilot plant by heating 
rolled meats to temperatures as high as 240 F for 60 min (meals 
Nos. 12 and 15) it would be unsafe to conclude that these condi- 
tions would yield the same results in a larger mill. 

It is probable that the amount of water present or added to the 
flaked peanuts and the rate at which the water is driven from 
the flakes during the cooking operation accounts for the difference 
in the degree of denaturization of the meal obtained in various 
mills even though the cooking time and temperature remain the 
same, Fontaine, Samuels, and Irving (16) have shown the in- 
fluence of water vapor on the degree of denaturization of the 
protein in cooked peanuts. 

Peanut shells are incompletely removed prior to processing or 
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are later added to peanut meal which is intended for use as feed, 
the minimum protein (N X 6.25) requirement being 48 per cent. 
The presence of shells in meal intended for use as plywood glue, 
however, acts as a filler and should be avoided. The soybean- 
plywood-glue manufacturer pays a premium in order to obtain a 
meal which has a high protein content. The peanut-meal 
manufacturer should have no difficulty in preparing a meal con- 
taining 50 per cent or more protein (N X 6.25) for use in prepar- 
ing plywood glue. 

The first series of pilot-plant meals was prepared from peanuts 
which were two years old. It was advisable therefore to repeat 
the tests when a fresh stock of peanuts became available. Re- 
sults indicate that the age of the seed used has no influence on the 
gluing characteristics of meal. 

Solvent-extracted meal (meal No. 18) can also be used for pre- 
paring plywood glue. It is necessary, however, to add oil to the 
glue made from this type of meal in order to prevent excessive 
foaming in the spreader. 


INFLUENCE OF VARIOUS FAcTors ON THE GLUING CHARACTERIS- 
TIcs oF PeanuTt-Mrau GLUE 


A satisfactory plywood glue must produce a good joint with the 
equipment and under the conditions ordinarily encountered in 
the plywood factory. 

The temperature of the glue room and of the water used to 
prepare plywood glue varies considerably. It was therefore of 
interest to determine the influence of temperature on the viscos- 
ity of peanut-meal glue. The results shown in’Table 5 indicate 
that within the range of 65 to 95 F temperature has little in- 
fluence on the flow properties of peanut-meal glue. 


TABLE 5 EFFECT OF TEMPERATURE ON THE VISCOSITY OF 
PEANUT-MEAL GLUE 


Temperature at which Viscosity, MacMichael degrees 


glue was prepared and ———— Wire No. 26— 
eld, F 1/3 hr 1 br 2 hr 4hr 
65 50 62 66 76 
77 53 59 75 76 
85 62 72 86 77 
95 59 72 82 neh 


TABLE 6 EFFECT OF AGE OF THE PEANUT-MEAL GLUE MIX- 
TURE ON PLYWOOD SHEER STRENGTH 


Plywood shear tests—————\ 
Dry strength, psi 
Wood failure, % 


Age of glue, hr Wet strength, psi 


1 405-25 132 
2 407-14 128 
3 392-10 115 
4 396-14 104 


The influence of the age of the glue mixture on the results ob- 
tained with a peanut-meal glue is shown in Table 6. Test panels 
were prepared with the glue at the end of 1, 2, 3, and 4 hours. 
The wet strength obtained was somewhat low to begin with and 
decreased to some extent with age. 

In the manufacture of plywood the glued veneer is stacked until 
a press load is accumulated, an operation usually requiring 10 to 
20 minutes. If a glue is too fluid, an excessive amount may be 
absorbed by the wood during this period or an excessive amount 
may be squeezed out when the glued veneer is placed under 
pressure. If the glue is too viscous, absorption of water by the 
wood may lead to the production of a dry joint, with the result 
that a thick film of glue and a weak bond are obtained. The 
influence of the closed assembly time on the strength of the bond 
obtained with a typical peanut glue is shown in Table 7. The 
results indicate that an assembly time up to 15 minutes gives a 
strong bond. This is an acceptable assembly period. 

The yellow birch used for plywood tests varies considerably in 
color, from white through yellow to red, depending on whether 
the veneer is cut from sapwood or from heartwood. Since the 
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TABLE 7 INFLUENCE OF CLOSED ASSEMBLY TIME ON PLY-— 
WOOD SHEAR TESTS 


Plywood shear tests 
Dry strength psi; Wet strength 


Closed assembly 


time min Wood failure, % psi 
5 414-24 159 

10 397-38 147 

15 356-21 142 

20 296-22 95 


TABLE 8 EFFECT OF PRESSURE ON JOINTS MADE WITH A. 
SINGLE LOT OF PEANUT-MEAL GLUE APPLIED TO RED, 
YELLOW, AND WHITE “YELLOW BIRCH” VENEER 


(In terms of plywood shear strength, psi; Wood failure, %) 


Pressure 100 psi 150 psi 200 psi 
Shear strength psi; Wood failure % 
Dry Wet Dry Wet Dry Wet 
psi-% psi psi-% psi psi % psi 
Red 415-35 131 454-34 139 447-46 142 
Yellow 412-22 148 405-44 150 414-32 128 
White 402-27 138 391-34 153 398-30 151 


color of the wood to be used in tests is not specified in the litera- 
ture, it was of interest to compare woods selected for color, and 
at the same time to determine the influence of pressure on 
joint strength. The results given in Table 8 indicate that joint 
strength is not appreciably influenced by variation in veneer 
color or by variation of pressure within the range ordinarily ap- 
plied. : 


ComPaRISON or Pranut-Mrat Guur Wits OTHER WATER- 
RusIstanT GLUES 


A comparison was made of the results obtained with peanut-- 
meal glue and those obtained with other water-resistant glues. 
as shown in Table 9. 

It was also of interest to prepare test panels with tupelo and. 
red-gum woods in addition to the usual birch panels since these- 
two southern hardwoods and Douglas fir are used in the greatest 
amounts for the manufacture of veneers in this country. The 
relative amounts (thousands of feet, log scale) of these woods 
consumed in 1937 for the manufacture of veneers was: Douglas 
fir 306,299, red gum 213,654 and tupelo 170,438 (18). 

An examination of Table 9 reveals that peanut-meal glue is: 
equal to soybean-meal glue when tested according to the official! 
birch-plywood test and also when tupelo and red gum are used. 
Although the results reported in this investigation appear to in- 
dicate that the peanut-meal glues tested are slightly superior in 
most cases to the soybean-meal glues tested, the number of soy- 
bean-meal glues examined is too small to justify concluding that 
there is any significant difference in these two oilseed-meal glues. 
It is also probable that optimum conditions were not always em- 
ployed in gluing the three woods with the two glues. The casein. 
glue examined as well as the mixture of casein, blood, and soybean 
meal are in most instances superior to the oilseed-meal glues. 

The satisfactory results obtained by gluing tupelo and red-gum: 
veneers with peanut-meal glue and the proximity of these south- 
ern hardwoods to the raw material for preparing peanut-meal— 
glue presents an opportunity of mutual advantage to southern 
agriculture and the southern plywood industry. 


InFrLuENcs or AppED Bioop ALBUMIN AND oF Hot-PrEssinq@ 
ON Pranut-Mnray Guurg 


Blood albumin is sometimes added to soybean-meal glues to: 
increase their water resistance. Glues with or without added 
blood may be heated in hot presses after the glue joint has been 
prepared in the usual manner by holding the glued product under 
pressure for several hours. Therefore preliminary tests which 
show the effect of hot-pressing at two temperatures and the ef- 
fect of adding blood to peanut meal, as shown in Table 10, may 
be of interest. 

Hot-pressing of plywood prepared with peanut-meal glue at, 
180 F has little effect, but raising the temperature to 240 F in- 
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TABLE 9 COMPARISON OF PEANUT-MBAL GLUE WITH OTHER WATER-RESISTANT GLUES WHEN APPLIED TO VARIOUS WOODS 


’ : - Birch_—— ——-s ————T upelo———— — Rod gum— Block 
‘ -— Viscosity? ryan Wot Dry Wot Dry : ot shoar toasts 
oat uly Ree Change with time atrengn. si; strength, pal; strongth, pal; strength, psi; strongth, pal; strength, pal) strength, pats 
Description of meal or Lot in hours o0c ood Wood Wood Wood ood Wood — 
Bin glue used no, Wy 1 2 failure % failure % failure % failure % failure % failure % fuilure % 
f Peanut-meal glue 1 53 80 77 864-12 157 327-23 91 382-28 TBO OV Aas 
$ % 2 ere or ihy aes 867-14 147 874-41 138 8738-50 110 2857-13 
Commercial soybeansmeal 1 Wey ekva” a deversie a trace 803-26 151 AOL=T 0 828 = 9 LOB a eho 
prepared for use as ply- 2 71 #72 £86 102 806-15 73 268-44 112 BH2-16 33 2806 = 6 
wood glue,> 3 58 63 71 88 3896-80 142 i 274-43 143 870-10 TSB° Phd ey Peis 
~ Casein-glue mix ready for {5 RN ACA Ua. Gat 495-30 105 ANS 25 188 497-77 TEU, | Wee ete 
| use Ber addition of (2 80 42 67 186 523-43 214 857-70 185 A03—51 171 8185-32 
| water, 
b Casein-glue mix contain- (j 48 SD7, 78. vats 489-36 250-15 840-21 166-10 856-12 184138 nas 
ing blood and soybean 2 15 47 148 Gol 400-22 167 261-28 138 841-20 112 3282-40 


meal, > 


@ MacMichael degrees; wire no. 26, 
+’ Used as recommended by manufacturer, 


TABLE 10 


EFFECT ON PLYWOOD SHBAR STRENGTH OF ADDING DRIED BLOOD ALBUMIN TO 


PEANUT MBAL AND OF HOT-PRESSING 


Ratio of meal to water in glue mix 

Carbon tetrasulphide, ml per 100 g meal 

Viscosity at 1/2, 1, 2 and 4 hours (Mac Michael de- 
grees, wire no, 26) 

Plywood shear tests: 

ry strength psi; wood failure, por cent 

Wet strength psi 

Shear tests on plywood hot-pressed at 180 P;¢ 
Dry strength psi; wood failure, per cent 
Wet strength psi 

Shear tests on plywood hot-pressed at 240 1:4 
Dry'strength psi; wood failure, per cent 
Wet strength psi 


Poanut meal, 
90 parte;? 
blood albumin, 


Poanut meal, 
80 parts;? 


Poanut-meal blood albumin, 


glucb 10 parta 20 parte 

1:3 1:8,25 1:3,26 

2 1,5 None 

59,68, 77,77 42, 108, 155, 180, 180, 188, 170 

806-9 A1d-10 ANT =23 

135 170 106, 

395-25 480-19 ADA-16 

156 202 224 

AbA-39 HOd=26 HbBAL 

177 232 2060 


4 Plywood dried overnight at 150 lb per sq in. pressure and subsequently hot-pressed at 160 Ib per sq in, for 


10 min at tho temperature shown, 
+ Formula given in Table 3. 
¢ Pormula given in Table 3 with exceptions noted, 


creases both the dry and wet plywood shear strengths. ‘The 
addition of 10 and 20 per cent of blood albumin to the peanut 
meal increases the shear strength both before and after hot-press- 
ing for 10 min under 150 lb per sq in, pressure at 180 and 240 I, 
In each case the panels were held at 150 lb per sq in. pressure over- 
night before they were hot-pressed, 

The presence of blood albumin increased the viscosity of the 
glue considerably thus making it necessary to increase the amount 
of water; at the same time it decreased or eliminated the need 
of tetrasulphide, 


PLANt-ScALp Formuta AnD Dwrarts For PRaPARING TH Guu 
Mrixvrure 


The formula recommended for preparing plant-scale batches 
of peanut-meal glue is as follows: The ingredionts are added in 
the order listed: 


Water, 200 lb 

Peanut-meal flour, 100 Ib 
Add flour to water and stir to a smooth paste, ‘Then add 

Water, 55 Ib 

Hydrated lime, 15 Ib mixed with 35 Ib of water 

Caustic soda, 4 lb dissolved in 11.5 lb of water 

Tetrasulphide (equal parts carbon disulphide and carbon tetra- 
chloride) (1 qt) 3 lb 

Stir for 2 minutes and add silicate of soda (Philadelphia “N” 
brand or equal), 15 1b. Stir for a few minutes and use. 


A spread of about 150 pounds of wet glue per thousand sq ft, 
3-ply basis, and a pressure of 150 lb per sq in. is satisfactory for 
gluing plywood, : 

The foregoing formula is for application to dry hardwood ven- 
cers, It may be necessary to alter the water content of the glue 
when gluing softwood veneers or wet vencers. 

Peanut-meal glue was tried on a plant scale in a commercial 
plywood factory. The glue performed well throughout the proc- 
ess and gave as good or better joints with poplar and black-gum 


veneers as did soybean-meal glue which was used under the same 
conditions on the samo lots of voneer, 


SUMMARY 


Specifications have beon developed for peanut mol which is 
suitable for use in preparing plywood glue. 

A glue mixture has been developed which has good flow proper- 
tics and which is accommodated to ordinary gluing schedules for 
this typo of glue. Joint tests‘show that the poanut-meal glue 
moots the requiroments established for casein and casein-type 
gluos, 
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Locomotive Fuel From the Coal-Man’s 


Viewpoint 


By C. F. HARDY?! 


The sizes of coal for locomotives and the preparation of 
coal, screening, and segregation are discussed in this 
_ paper. It is suggested that from an engineering stand- 
- point coal specifications for locomotives should be stand- 
- ardized because of the changes in equipment and con- 
struction, and that extensive tests should be made. 


HEN the credit for winning World War II is appor- 

V \) tioned a large share will be given to the coal-burning 

steam locomotive. With a tremendous task to do, 
using to a large extent different sizes and types of coal from those 
that were formerly furnished, the railroads were able to keep the 
nation’s freight and passengers moving. Probably no other ma- 
jor coal user had so much dislocation of normal coal supply as did 
the railroads. Of necessity a great part of the coal which could 
be used for by-product, special purposes, or domestic use, was 
taken out of railroad fuel and replaced in the main by smaller 
sizes or lower quality. It is doubtful if any other type of fuel- 
burning equipment than the steam locomotive could have been 
operated under such adverse circumstances. 

Now that the war is over, the possibility of improving sizes, 
type, and preparation of the coal for locomotive use is again per- 
tinent. There have been tremendous advances in the practices 
of coal preparation and coal cleaning in recent years. From the 
simple bar screens of a few decades ago, coal-screening plants 
can now produce any practical size of coal. Along with this 
trend of sizing coal has come the study of its impurities and the 
best methods of removing these. Some coal-producing districts 
have installed more cleaning plants than others. This trend has 
been reflected in the type of coal furnished for locomotive use 
from these producing districts. These questions naturally arise: 
Why cannot all railroad coal be standardized as to size and 
preparation? Is it feasible for either the railroad or the coal in- 
dustry to standardize locomotive coal? Will it help the perform- 
ance of present or future locomotives? 

The economics of the problem are bound up with the well- 
known interdependence of the railroads and the coal industry. 
A few details will suffice to show this interdependence. The 
railroads are the coal industry’s best and most consistent custom- 
ers and have bought during the last decade approximately 21 
per cent of the total annual coal production. The railroads, by 
purchasing sizes which are temporarily not in demand, have per- 
mitted many mines to keep in regular production, whereas other- 
wise they would have to operate sporadically due to the lack of 
markets for one or more sizes. This effect is also shown by the 
fact that the monthly stocks of coal which the railroads carry 
have varied from month to month as much as 40 per cent, plus 
the fact that they buy widely varying sizes of coal. The other 
aspect of the interdependence is that the coal industry is responsi- 
ble for supplying the railroads with 20 per cent of their total 
gross freight revenue in normal years and more than 80 per cent 
of the railroads’ total annual fuel requirements. 


1 Chief Engineer, Appalachian Coals, Inc., Transportation Build- 
ing, Cincinnati, Ohio. Mem. A.S.M.E. 

Contributed by the Fuels and Railroad Divisions and presented at 
the Annual Meeting, New York, N. Y., Nov. 26-29, 1945, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 


Sizes or Coat Now Usep anp RECOMMENDED FOR LOCOMOTIVE 
FrRinG 


A complete analysis of sizes of coal used by locomotives en- 
titled “1937 Railway Locomotive Fuel” (1)? was prepared by the 
former Bituminous Coal Division. Two hundred and fifty-two 
different size designations were shown in this report. A less 
elaborate compilation was made for 1944 and apparently it agrees 
fairly well with the 1937 figures. In 1937, 445 railroads used 
89,935,580 tons of bituminous coal for locomotive fuel. This 
tonnage represented 82.6 per cent of all locomotive fuel, including 
fuel oil, anthracite, and wood. The coal came from all but one 
of the 23 coal-producing districts set up by the Bituminous Coal 
Act of 1937. (See map.) 

Table 1 shows the amount of on-line, off-line, lake, tidewater, 
truck, and river, total railroad fuel, and the percentage of the 
districts’ production going to railroad fuel. Of the major pro- 
ducing districts, District No. 7, Southern low-volatile, showed 
the smallest percentage (1.8 per cent) used for locomotive fuel. 

Table 2 gives a breakdown by size groups of the total of all 
districts and of the six largest railroad-fuel-producing districts. 
From this table it is seen that run of mine and resultant run of 
mine of more than 4 in. top size are used to a larger extent than 
any other size coal both off-line and on-line. Off-line locomotive 
coal is bought on the open market and in this case the railroad 
has no specific interest in the coal producer. The railroad is free 
to specifiy the size it regards best for locomotive performance, 
In spite of this, there is little difference in the sizes bought off- 
line and those bought on-line. This total, 52,618,116 tons, is 
almost 61/2 times as much tonnage as is in the next-larger-size 
group. Also, more of it is produced for locomotive fuel than any 
other size in each district, except District No. 11, Indiana. (See 
first line of Table 2.) 

Table 3 is included to show the comparison of the amount and 
sizes of locomotive fuel produced by each of the foregoing six dis- 
tricts and also District No. 9, Western Kentucky. The size 
groups of coals were fairly consistent with the run-of-mine sizes 
showing the largest increase. 

In view of the recommendations in the literature for modified 
screenings or screenings with part of the fines removed, it is sur- 
prising that only about 492,000 tons out of the 6,700,000 tons of 
screenings were modified. (See second line of Table 2.) Even if 
the size listed as “nut” (see tenth line of Table 2) which might 
better be included as modified screenings, were included, it would 
bring the total up to only about 7,500,000 tons. The widespread 
use of mine run is substantiated by a series of tests run at the 
University of Illinois in 1917 which showed that mine-run coal 
(actually 5-in. resultant) is best suited for locomotive use. This 
series of tests also showed that 2 X 3-in. nut gave good evapora- 
tion at high rates and the lowest cinder loss (2). 

Zern (3) and Robinson (4) show agreement fairly well on 5-in. 
or 6-in. resultant mine run with a limit of 23 per cent of minus 
Lin. or 3/, in. .Woodrich (5) advocates that the coal supplied for 
hand-fired locomotives should be of plus 11/2 in. or 2 in. when it 
leaves the mine. He states that the use of these coals would 
stimulate the coal producers to greater efforts in moving the 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 LOCOMOTIVE FUEL BY DISTRICTS, 1937 S \ 
er cen 
~ Lake, t Total all to loco- 
; tidewater, Total coal prod. motive 
District On line Off line truck, river R. R. fuel by district fuel 
1 Central Penn............ 5,294,963 4,026,843 28,578 9,350,384 41,106,000 22/7 
2 Western Penn........... 7,633,309 1,757,774 345,217 9,736,300 72,253,000 13.5 
3 Pairmont:s<ciiccoetae ass 3,113,145 4,710,128 495,977 8,319,250 24,010,000 34.6 
4 OPES hay tote Sacra. ce 4,632,401 2,353,601 1,321,148 8,307,150 25,178,000 33.0 
5: Michigan. jiitdeoicalceie 4,569 35,151 Wate 39,720 562,000 ak 
6 Panhandle 59,055 16,670 141,815 1,017,540 4,203,000 24.2 
7 Southern low-volatile.... 894,419 31,669 42,654 68,742 54,275,000 1.8 
8 Southern high-volatile.... 7,552,729 5,019,310 633,058 13,205,097 91,874,000 14.4 
9 West Kentucky......... 2,140,591 413,68 eats 2,554,272 8,563,000 29.8 
TO Mllingis hey sweatin eek 12,027,277 2,899,641 14,926,918 51,602,000 28.9 
Kiew Indiana di anenets cancer 3,879,186 1,277,341 5,156,527 17,765,000 29.0 
TQ LOWS see wjeveiereie ctretertarste 638,558 84,320 722,878 3,637,000 19.9 
13 Alabama. 80.65 theo 2,716,951 984,341 atte 3,701,294 13,459,000 27.5 
14 Arkansas, Oklahoma..... 146,493 3,6 421 150,579 1,967,000 TG 
15 Missouri, Kansas........ 1,576,170 308,488 200 1,884,858 9,038,000 20.9 
16° Colorado. o/s. (ondecn anes 82,818 2,31 166 85,296 2,510,000 3.4 
17) \Colorador.niye tee ae 1,451,611 476,108 he 1,927,719 5,515,000 35.0 
18 Arizona, New Mexico.... 61,436 31,792 293,228 884,000 33.2 
LOM Wyomingiwacise ie Manle4 5 tO, 23,446 4,167,956 5,918,000 70.4 
20), WOR ab ene, iste wants eee es 423,300 344,335 767,535 3,810,000 20.1 
21 UNS and S."Dakota Citizens, SOR mec). Cyne ener MINERS 2,298,000 ee 
22 Montana...) eke ee 1,946,721 171,502 2,118,223 2,965,000 71.4 
23 Oregon, Washington, and 
Alaskan nciaosnvensisien 509,751 24,365 534,116 2,139,000 25.0 
TOTAL 61,929,963 24,996,383 3,009,234 89,935,580 445,531,000 20.2 


TABLE 2 SIZES FURNISHED IN 1937, TOTAL ALL DISTRICTS AND SELECTED DISTRICTS, FOR LOCOMOTIVE FUEL 


Selected  distrie¢sH£{£_}—CW 


Description of sizes: All districts 1 2 3 4 8 10 11 
‘Straight ROM and resultant ) On line 36,931,188 4,562,109 5,702,762 2,495,088 2,980,489 2,524,687 6,096,612 743,479 
more than 4” top size...... ff line 15,686,928 2,302,055 1,114,164 3,060,740 1,992,274 3,879,129 1,353,285 457,206 

+ n 

Berens: tee) tae ie CORML On lite 6,220,594 21,288 253,816 10,542 95,447 3,316,455 —«1,638,073 85,026 
Sinead aan , Off line 510,559 51,190 18,936 16,610 32,079 81,582 56,265 180,655 
Chunks, top size 7” to 6” bot- ) On line 5,751,358 133,323 170,960 398,125 310,883 152,091 1,585,563 1,532,355 
tom size more than 7/3”.... § Off line 2,582,213 215,812 273,993 314,257 1,828 174,841 83,593 383,034 
Egg, top size 5” to 3” bot. size | On line 4,658,202 14,927 252,295 12,179 998,392 466,008 2,034,718 605,041 
more: tharn7/s/ 0 oie Se vis ff line 2,784,823 320,690 116,757 611,040 218,581 489,214 363,212 163,956 
Resultant ROM 3 in. and 4) On line 3,080,414 67,567 334,882 4,613 51,960 627,411 5,242 102,238 

AD, eins ees Ae eat ater ff line 1,514,664 759,855 33,395 33,620 642 207,013 191 ses. 
Lump, bot. size 3” to 1/4” top } On line 2,559,498 291,301 297,319 78,627 167,113 338,048 207,214 494,258 
Tess\than’ Sets ances eee Off line 1,052,794 246,373 191,622 331,575 72,801 47,197 17,795 83,094 
Block, bot. size more than 6} On line 856,078 nOn0 31,150 106,095 8,664 6,644 157,698 196,856 
Acs hora tis heen oh Rinne es Off line 79,285 5 Rit.) »733 4,491 4,481 4,413 1,251 
ROM, top size 8 to 10 in.; in- i On line 756,847 Sate 435,834 4,261 1,810 51,245 45,169 82,294 
eluding crushed and mod... § Off line 303,531 8,218 ata 38,801 30,587 129,289 414 103 
Screenings, top size 1 in. or On line 603,319 163,702 44,675 3,45 119 21,155 37,033 36,875 

OSS mmitineeclahitenimra ed | Olline 114,154 17,193 8,029 74,600 aie 15 Slates serene 
Nut, top size 23/; in. to 1 in., } On line 512,459 40,746 109,616 157 17,524 48,985 219,955 764 
bot. size more than 28 mesh § Off line 367,432 105,457 878 219,152 31 6,405 20,473 8,042 
Total 89,935,580 9,350,384 9,736,300 8,319,250 8,307,150 13,205,097. 14,926,918 5,156,527 


Source: Bituminous Coal Division, “1937 Railway Locomotive and Powerhouse Fuel,” Preliminary Analysis, Jan. 16, 1939. 


TABLE 3 COMPARISON OF LOCOMOTIVE FUEL BY SIZE GROUPS, YEARS OF 19374 AND 19442 FOR SELECTED DISTRICTS 


Selected districts 
4 8 


Description of sizes Year All districts 1 23) 8) 9 10 11 
Lump coal and double- \ 1937 19,374,808 877,083 1,163,598 1,624,531 1,952,807 1,647,493 692,365 5,025,141 3,410,057. 
screened top size over 2 in.. J 1944 34,623,236 499,046 1,886,401 4,636,788 1,932,403 1,335,446 1,169'257  12'4831640 8'018°754 
Double-screened top size ne 1937 1,492,155 147,172 33,170 223,317 82,378 117,153 ,300 705,104 7,612 
exceeding 2 in............. 1944 2,336,088 58,296 176,550 —_ 380,497 31,869 479,163 71,201 872,228 154,816 
Mine run and minus a 1937 63,903,181 7,615,848 8,293,585 6,074,051 6,160,233 9,568,849 1,784:920 8,118,499 _1,380'243 
top size over 2in..,.......J 1944 87,474,978 8,204,731 9,265,025 9,770,851 98111046 13/697,020 5'632'733 10,565,071 1,513,507 
pared eye a 1937 4,632,099 74,165 194,280 140,603 ~—«-111,613 1,787,688 51,466 1,068,038 «265,681 
iinandcaok ereselion ony lode 7,808,968 61,072 759,326 108,235 273,352 2,014,524 «151,909 2,380,565 + «419,387 
Minus resultant and dedusted 
: ; 1937 506,453 178,880 51,667 42 119 26,068 6,221 9,065 36,875 
ieodihpst i yP Sa gee of 1944 986,355 243,786 62,581 130,076 34,008 105,746 77,331 102,392 1,590 
: 1937 26,884 457,236 ..... 256;706)" ata. na 57,946 meee 1,071 6,059 
Size not reported............ } 1944 752/965 19/261 63,402 43213 7,439 791016 3,600 20,888 77,013 
Total 1937 89,935,580 9,350,384 9,736,300 8,319,250 _ 8,307,150 13,205,097 2,554,272 14,926,918 5,156,527 
1944 138,982,590 9,086,192 12,213,285 15,069,660 12,090,117 17,710,915 7,106,031 26/424'784 10,185,067 


* 1937 Data rearranged in same size groups as 1944 data from 
6 1944 Data from Mineral Market Report, M.M.S. No. 1289, 


minus 11/.-in. or 2-in. sizes. For stoker-fired locomotives, 
Woodrich recommends an average of 3-in. top size, with no lumps 
more than 8 in. maximum, and a bottom size of 3/, in. 

The International Railway Fuel Association, and likewise the 
Railway Fuel and Traveling Engineers Association, have devoted 
much time to the subject of coal sizes (6). In 1942theR.F.T.E.A. 
committee on coal sizing recommended run of mine with 
lumps reduced to 4 in. top size as the most economical size for 
use on hand-fired locomotives. For stoker-fired locomotives not 
adapted to handle smaller sizes, “properly cleaned coal not to 
exceed 21/, in. X 0 in.” was recommended as the most economical 


“1937 Railway Locomotive Fuel.” 


size. For stoker-fired locomotives properly fitted to handle small 
sizes, 2 in. X 0 in., or coal with a smaller top size, was recom- 
mended. It was pointed out that minus 1/,-in. slack was objec- 
tionable, particularly in the softer bituminous coals. One- 
quarter-inch screenings should not exceed 35 to 40 per cent of 
the total when small sizes are used, according to this committee. 

In 1943 the same committee recommended the use of me- 
chanically cleaned coal because it gave the most efficient and 
economical performance. 
mendation was the experience of a railroad using coal largely 
from Districts Nos. 10 and 11, Illinois and Indiana. 


= 


The principal basis of this recom. - 


ee 
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& TABLE 4 STEAM LOCOMOTIVES IN SERVICE OF CLASS 1 RAILROADS 
#: December 31, 1943° 


Pas- Freight Switch- 
Percent Total Freight senger or pass. ing 
if Total in service (A) (B) 100 39,498 24,353 6,399 1,738 7,008 
\ No. built before Jan. 1,1910 24.9 9,814 6,183 1,373 275 1,983 
Pe No.’built bet. Jan. 1, 1910, 
and Dec, 31, 1914 23.6 9,330 5,742 1,834 212 1,542 
No. built bet. Jan. 1, 1915, 
and Dec. 31, 1919 18.6 7,341 4,995 792 143 1,411 
No. built bet. Jan. 1, 1920, 
and Dee. 31, 1924 17.2 6,797 4,306 1,225 235 1,031 
No. built bet. Jan. 1, 1925, 
and Dee, 31, 1929 10%) 4,008 1,996 790 404 818 
No. built bet. Jan. 1, 1930, 
and Dee. 31, 1934 2.4 960 485 176 171 128 
No. built bet. Jan. 1, 1935, 
and Dee, 31, 1937 1.2 464 213 94 vgs 80 
No. built bet. Jan, 1, 1938, 
and Dee, 31, 1942 2.0 777 430 115 221 11 
No. installed bet. Jan. 1, 
1948, and Dee. 31, 1943 4294 
No. installed bet. Jan. 1, 
1944, and Dec. 31, 1944 3294 


Nore (A) 15,734 of these locomotives are equipped with stokers. 
Nore (B) As of March 31, 1945, 39,658 locomotives were in service of Class I switching 


and terminal railroads. 
switching. 


21,710 were listed as freight, 6318 as passenger, and 11,630 as 


© Compiled by Traffic Department, National Coal Association, from American Associa- 
tion of Railroads, and Interstate Commerce Commission figures. 


d No breakdown available. 


The coal specifications set up by the various railroads are not 
standardized. Each road has its own specifications for locomo- 
tive use and these vary widely as to the sizes considered most 
suitable. Some roads may have facilities to further prepare the 
coal before using although the author has no data on this sub- 
ject. 

From the engineering standpoint, standardization of coal 
specifications for locomotives would seem necessary for the fol- 
lowing reasons: 


1 New locomotives, embodying fireboxes of different designs 
and different types of coal-burning equipment, etc., have re- 
placed the older locomotives. 

2 The older locomotives have been changed by the addition of 
stokers, different-type grates, arches, front-end design, etc., So 
that the former sizes of coal are not satisfactory. 

3 Experimental and testing work on locomotives has proved 
that the size of coal should be changed for greater efficiency and 
economy. 


The age and class of service of locomotives now in use are 
shown in Table 4. About two thirds of the steam locomotives in 
service were built before 1919 which would seem to rule out con- 
dition No. 1. These tabulations show that approximately 40 
per cent of the present locomotives are equipped with stokers, 
although the relative age of the stoker-fired locomotives is not 
given. 

That a great deal of work has been done on grate designs, 
arches, and “the combustion train” generally, is shown by the 
literature. There is no indication that these improvements have 
necessitated the change in sizes or types of coal, but every indi- 
cation is that they have resulted in burning the present sizes and 
types more efficiently. The reduction in consumption of coal 
per ton-mile shown each year is due partially to these improve- 
ments, although increased steam temperatures and pressures, 
improved bearings, roadbed improvements, and fewer and longer 
trains have also helped. 

The experimental and testing work in locomotives quoted in 
the literature is all of considerable age, although the types and 
sizes of locomotives tested are still in service. Undoubtedly other 
work has been done that has not been reported so that the answer 
to our third condition is not readily apparent. 


Tur PREPARATION OF COAL 


The basic mining and preparation practices which have de- 
veloped over a period of years in the various coal-producing dis- 


tricts have a vital bearing on the extent to which locomotive 
coal could be standardized without a serious dislocation of 
the coalindustry’seconomy. Coalisa natural product and varies 
in quality, size consist, and chemical make-up, not only accord- 
ing to the mining district, but according to the mine and even 
from the part of the mine from which it comes. It can be im- 
proved or modified to a certain extent by mining methods and 
after it is mined, but no major changes can be made. 

In 1943 there were, in the United States, 6620 mines, each hav- 
ing a production capacity of more than 1000 tons of bituminous 
coal per year. It is therefore difficult to treat the product of so 
many mines as one subject. No one mine, seam, or coal-produc- 
ing district could conceivably furnish all the railroad coal in the 
country, so that of necessity the same locomotive will have to 
burn coals from widely separated geographic sources, and with 
different qualities and burning characteristics. The growing 
practice of running a locomotive over two or more divisions may 
result in using coals of widely different sources and characteris- 
ties on one trip. 

If coal is loaded by hand, face preparation is practiced, that is, 
rock, bone, slate, and other impurities are not loaded with the 
coal but are rejected by the miner. Thisis much easier to do with 
hand-loaded coal than when the coal is mechanically loaded, in- 
asmuch as a loading machine has no judgment as to what it picks 
up. The same is largely true of “strip” coal, for in strip-mining 
there is less chance to inspect the coal. 

Once the coal is delivered to the tipple, it can be cleaned in two 
ways: The first and most universal practice is hand-picking, or 
removing the visible impurities manually. Sizes as small as 1 
in. bottom size can be picked, although it is not generally economi- 
cal to pick sizes under 3in. The reduction of impurities by hand- 
picking depends to a large extent on how the impurities are found 
in the coal, the number of pickers employed, and their efficiency. 
In many mines hand-picking does not lower the ash content to a 
great degree, while in many others, where conditions are favor- 
able, a large reduction in ash content is made. It also tends to 
waste considerable coal if the pickings are not cleaned by washing 
afterward (7). 

It is difficult to pick run of mine and resultant, and it is the 
practice in some mines to separate into the various sizes, hand- 
pick or otherwise clean these, and then recombine them. 

The second method, mechanical cleaning of coal, has been 
steadily increasing in popularity. One method of mechanical 
cleaning consists simply of “dedusting”’ or screening out a part of 
the fines and it is practiced in mines where a large percentage 
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of impurities are found in the extremely fine coal. The top size of 
coal removed may be as small as 60 mesh and as large as 1/, in. 
Of the 590,177,000 tons of coal produced in the United States in 
1943, 145,575,849 tons, or 24 per cent, were mechanically cleaned. 
Of this total, 85.8 per cent or 124,374,775 tons were cleaned by 
wet-washing, whereas 21,201,074 tons, or 14.2 per cent, were 
cleaned by pneumatic methods. Forty-seven per cent of the 
washed coal was cleaned on jigs and 29.6 per cent was cleaned on 
launders and upward-current classifiers. Of the total coal 
cleaned, 30,326,426 tons were mined from strip pits, 125,313,687 
tons were mechanically loaded underground, and 67,258,305 tons 
were hand-loaded underground. 

Both the wet-washing and air-cleaning processes depend on the 
difference between the specific gravities of the coal and the im- 
purity. The specific gravity varies for both the coal and the 
impurity. The “gravity” of the cleaning medium must be ad- 
justed to remove as much of the impurity as possible without 
wasting excessive amounts of coal. 

Although it is impossible to remove organic sulphur or some of 
the finely divided pyritic sulphur from coal by washing, it is 
sometimes possible to reduce other types of sulphur in high-sul- 
phur coals by more than 50 per cent, depending on the efficiency 
of the washer, the nature of the coal, etc. The ash in high-ash 
coals may be reduced nearly 50 per cent, depending on the dis- 
tribution of the ash-producing constituents, friability of the coal, 
ete. (8). ; 

Air-cleaning of coal is usually confined to the sizes which are 
too small to be satisfactorily wet-washed because of the increase 
in moisture content likely to result from washing fines. For ex- 
ample, at a given mine sizes larger than 5 in. may be hand- 
picked, sizes between 5 in. and 3/s in. washed, and the 3/s-in. X 
0-in. cleaned pneumatically. When all the coal from, for ex- 
ample, 2 in. down is air-cleaned, it is carefully separated into its 
component sizes before being air-cleaned. For example, if it 
is desired to clean 2 X 0-in. coal, it is divided into 2 X 1 in., 
1 X 3/4 in., 8/4 X 1/2 in., 1/2 X 41/4 in., and so on, and run over 
separate air-cleaning apparatus. It is difficult to air-clean sizes 
with wide variations, such as 2 in. X 0 in., in one cleaner. 

Mechanical cleaning is necessary and most beneficial to coals 
containing in the raw state a high percentage of ash and foreign 
matter and to mechanically loaded coal. Ordinarily when oper- 
ations in an underground mine are changed from hand loading to 
mechanical loading, there follows an increase in the percentage of 
ash in the coal. When a cleaning plant is put in at the same time, 
the net over-all effect would be to perhaps lower the ash content 
by one to three per cent over the average encountered in hand- 
loading methods. The fact that a coal has been washed or air- 
cleaned is no indication of its quality, as the raw coal from one 
seam may be superior to the washed or cleaned from another, 

The average cost of cleaning is given by Campbell (9) as about 
20 to 25 cents a ton. There is an economic limit to the amount 
of ash and sulphur reduction which may be made by cleaning. 
Above this, reject losses increase to such a point that it is no 
longer economically justified to clean it. 


ScrEENING Coa 


The equipment of mines for screening and preparing coals 
varies from mine to mine. This depends somewhat on the size 
of the mine, the amount of coal in reserve or the prospective 
life of the mine, and on the ultimate use for which the coal is best 
suited, or those sizes which will return the greatest over-all reali- 
zation. The problem of screening the coal as it comes to the 
tipple into those sizes which are most in demand and provide the 
greatest return for the combination of sizes made is complex and 
requires both careful study and extensive planning. For ex- 
ample, if the coal from a given mine possesses the peculiar char- 
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acteristics which make it suitable for domestic stoker coal, it 
may be profitable to crush some larger sizes to make stoker 
coal, and not at all profitable to make locomotive fuel. 

Mines with no screening facilities of necessity make run- 
of-mine coal; and mines equipped with bar screens only 
are able to make two sizes such as 5-in. lump and 5-in. re- 
sultant. These mines may be equipped with crushers so that 
coal can be crushed to a given top size. The bulk of the mines 
which sell coal for many different uses are equipped with shaker 
screens and in many cases vibrating screens. A large number of 
sizes may be made by changing the size of the screens, although 
the number of sizes which may be made at one time at a given 
tipple depends on the number of tracks and their usage. The 
average mine probably makes and loads three or four sizes at a 
time. The elaborate modern tipples, particularly where mechani- 
cal cleaning is employed, may make 12 or more sizes simultane- 
ously, part of which are delivered to bins and may be remixed or 
blended from the bins before loading. Mines which make only 
one or two sizes of coal are more likely to be found in the eastern 
area, that is, in Districts Nos. 1, 2, 3, 4, 6, and 8, than it is in Dis- 
tricts in the Middle West, Nos. 9, 10, and 11. 

The practice of furnishing a double-screened washed coal such 
as 6 in. X 1 in., or similar size, to the railroads, is probably fol- 
lowed to a greater extent in Indiana, District No. 11, (10) (79.8 
per cent of locomotive fuel furnished by this district in 1944 was 
double-screened with a top size of more than 2 in.) than any other 
producing district. Districts No. 9 (Western Kentucky), No. 
10 (Illinois), and No. 4 (Ohio) also furnish considerable coal of 
this type. It would probably be most difficult for District No. 1 
(Eastern Pennsylvania), to furnish sizable amounts of double- 
screened coals to the railroads due to the rélatively soft structure 
of the coals. District No. 2 (Western Pennsylvania), No. 3 
(Northern West Virginia), and No. 8 (Southern high volatile), 
could furnish a larger amount of double-screened coal and washed 
coal for locomotive use than is the usual practice. This, however, 
would only serve to emphasize the difference in quality between 
these coals and the others which are often used interchangeably 
on the same locomotive. If these districts were to furnish a 
double-screened coal, particularly of a smaller top size, it would 
mean a tremendous investment in screening equipment for many 
of the mines not now so equipped, and it is doubtful that the re- 
sulting small sizes could readily be sold. Many of the smaller 
mines which now make railroad coal exclusively could not afford 
to put in screening equipment, because the acreage available to 
them is limited. Furthermore, if at a normal rate of production 
a mine will work out within the next four or five years the cost of 
screening equipment could not be justified. 

The remainder of sizes in a commercial mine which customarily 
produces block or lump, egg, nut, and 2-in., 11/:-in., or 11/,-in. 
nut and slack is not seriously disrupted by making run-of-mine 
or a resultant size such as 5 in. X 0 in. for railroad fuel, as the 
total production is utilized in the one or two sizes made at this 
time. If the railroads insisted on a given size, such as 5 in. X 
lin., the mine would undoubtedly have too much of either the 
large or small sizes at times and would be unable to operate. 


SEGREGATION AND DEGRADATION 


Perhaps the greatest change that can take place between the 
time coal is mined and used is the segregation of the coal as it is 
handled. Each time it is dumped or conveyed the larger pieces 
tend to roll the farthest, as to the outside of the pile, and the 
smaller pieces tend to stay near the point of dumping. Naturally, 
as the difference between the top size and the bottom size of the 
coal increases, segregation also increases under the same condi- 
tions of handling. Segregation can be greatly reduced by care- 
ful handling, by using nonsegregating chutes and hoppers, by 
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layer-loading, etc., as well as decreasing the difference between the 
top and the bottom size. 

Segregation is often confused with degradation, and with bad 
preparation. The user often finds it hard to believe that the fines 
he discovers in the middle of his coal pile were there when the 
coal was unloaded, and are not a result of the coal “slacking” or 
breaking up. 

According to Fraser (11) the greatest degradation is in the 
handling of plus 4-in. lump coal and this amounts to about 41/2 
per cent. There is very little degradation in the handling of run- 
of-mine, resultant, or screenings, perhaps due to the cushioning ef- 
fect of the fine sizes. The same authority shows that the per- 
centage of fines in the mine-run coal as delivered from the hard- 
structured seams found in Eastern Kentucky and Illinois coals is 
well within the limit set as desirable by several authorities for 
locomotive coal. All percentages are under 40 per cent. Sub- 
sequent handling, such as filling the fuel bins at coaling stations 
and coaling the engines would seem to increase the percentage 
of fines but little. 


BRIQUETTING 


The briquetting of coal for railroad use in this country has been 
suggested and extensive tests were run by the U. S. Bureau of 
Mines in 1908 (12). The first tests were run on No. 3 Pocahontas 
eoal both in the mine-run form and briquetted. As would be ex- 
pected from the burning characteristics of this coal, the bri- 
quettes worked out much better than did the mine run, primarily 
due to the smaller amounts of fines. Later, briquettes were 
tried from a wide number of coals and general improvement in 
burning rates were reported. Apparently then, as now, the 
higher cost of the briquettes as compared to the cost of raw coal 
made their use uneconomical. Further research in briquetting 
methods may in time reduce the processing cost to a more prac- 
tical figure. 


CoNCLUSIONS 


Railroad locomotive fuel is such a large part of the total coal 
production of the United States that one standard size could not 
be screened out of the coal as mined without changing the sizes 
of coal furnished to all other coal users. The mere elimination of 
all the fines below a certain size would immediately lead to the 
accumulation of tremendous tonnages of this coal which could 
not be sold in a normal market. 

The present practice of furnishing mechanically cleaned or 
double-sereened coal for locomotive use is confined primarily to 
those districts where the practice of cleaning has grown over a 
number of years, due to greater mechanization of the mines, and 
to some extent to the large amount of impurities in the raw coal. 
Mechanical cleaning of coal has been developed to a greater ex- 
tent in some districts and this naturally has resulted in a greater 
proportion of the locomotive fuel being cleaned. It is true that 
the trend is in the direction of more careful sizing and cleaning 
of coal, but it is equally true that all coal mines cannot be changed 
over immediately to produce a standard size of locomotive fuel. 
In many cases the raw run-of-mine or resultant sizes from one dis- 
trict will be equal or will be superior to the cleaned or double- 
screened sizes from another so that there may not be an actual 
advantage in having the size standardized. 

No other type of coal-burning equipment is capable of being 
operated with such a wide range of size and quality of coals as 
the coal-fired locomotive. This has helped both the railroads 
and the coal industry but has also allowed in some cases the 
buying and furnishing of inferior quality and preparation when 
better grades were available. : 

~ In view of all the factors involved, it would seem that extensive 
tests should be made, using the different types and sizes of coal 
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in the various sizes and types of present-day and new locomotives 
so as to determine the best performance under road conditions 
with as many sizes and qualities of coal as is possible. The pub- 
lished data are so inconclusive that such a procedure would seem 
prerequisite to making major changes. There is no question 
that the coal industry is willing to do anything within its power to 
arrive at the solution ot this very important problem of locomo- 
tive fuel. 
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Discussion 


E. D. Bunton.? The value of coal as a locomotive fuel is de- 
pendent upon several factors, (1) size consist, (2) calorific value, 
(3) price per ton, (4) per cent of ash, (5) ash-softening temperature. 

Which one of the foregoing factors belongs in No. 1 position 
depends on the limitations of the other four. The fact that a lo- 
eomotive can burn almost anything that is black is legend. This, 
in turn, has worked to the disadvantage of the steam_engine and in 
favor of the Diesel. The availability or distance which a loco- 
motive can operate is governed in no small part by the fuel it 
consumes. If the coal is high in ash there is a definite mileage 
limit when it must either be taken out of service and another en- 
gine substituted or it must suffer lengthy terminal delays while 
its ashpan and fire are being cleaned. If the fusion characteris- 
ties of its ash tend to promote slagging of the tube sheet, the en- 
gine is limited in mileage and must be taken out of revenue serv- 
ice, its fire killed and the honeycomb removed. It is often pos- 
sible to favorably alter slagging difficulties by the use of double- 
screened coal or limiting the amount of smaller sizes and extreme 
fines. However, double-screened coal, after passing through 
storage piles and the resulting multiple-handling, suffers considera- 
bly in size consist by the time it reaches the stoker conveyer 
serew. 

Motive power is a tool and its value is measured by the amount 
of revenue-tons of freight or passenger-car-miles hauled. This 
sounds like a trite statement, but let us expand it a little further. 
In the case of coal traffic, the tonnage moved from the mines de- 
pends on the ability of the coal mine to produce and sell its prod- 
uct. In normal markets, production capacity is usually in* ex- 
cess of market demands, resulting in mines not producing because 
of “no bills” on certain sizes. If the railroads are able to step in 
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during stress periods and purchase such sizes as to relieve the 
bottleneck of no bills, then the sizes in demand move to market 
and the locomotive produces revenue. By and large the rail- 
roads take advantage of the steam locomotive’s ability to burn 
a wide variety of coal by purchasing coal sizes not readily market- 
able. Thus the steam engine as a tool may be evaluated in two 
ways. There are, of course, limiting circumstances which may al- 
ter the ability of any railroad in the purchase of certain sizes. 

The number of hand-fired engines and coaling facilities are the 
principal reasons why mine run or resultant mine run are pur- 
chased in such large quantities. Many railroads are unable to 
separate coals from various producing districts or certain sizes 
for specific services. Undoubtedly all producing districts would 
like the top size decreased but appear to be unwilling to do any- 
thing about the bottom size. Skimming the cream off the top 
simply decreases the availability of steam engines, promotes in- 
creased maintenance costs due to cinder cutting, tube-sheet 
slagging, etc., because when the per cent of small-size coal in- 
creases, it in turn causes increased carry-over and finally results 
in an increase in pounds of coal per ton of freight or passenger-car 
mile. Whenever you increase cost and decrease availability you 
simply give the Diesel the “‘green light.” 

Because of the way railroad fuel must be purchased and the 
general policy of storing coal during times of slow market demand, 
individual coals lose their identity in storage piles and its size 
consist suffers. But if there are not excessive fines due to the 
top size being sufficiently large when the coal is received for stor- 
age, then the coal from storage to the engine tank will contain 
less fines in spite of the degradation in storage. One thing which 
is not changed in storage is the amount of impurities in the coal. 
It would seem to the writer, since ash is the principal “hurdle” 
which coal must overcome, that rapid attention be given clean- 
ing plants. If coal had no ash there is considerable doubt 
whether the now competing fuels would be much of a factor. As 
the per cent of ash increases, more and more difficulty is encoun- 
tered until, as a practical matter, one of the measures for the dis- 
tance coal is able to move from the mine is its per cent of ash. 
If the coal industry could supply the railroads with coal of not 
over 8 per cent ash it would have a marked influence on increase 
in availability and decrease in cost of operation. Another thing 
which the coal industry might well undertake is the active re- 
search of an economical method of drying washed coal. Wet 
coal in cold weather is particularly troublesome and if the re- 
moval of surface moisture could be accomplished economically 
the coal industry would make an outstanding contribution, not 
only for the railroads but industry in general, and the coal indus- 
dustry in particular. 


E. C. Paynu.t Mr. Hardy has made some good suggestions in 
his paper and the writer appreciates this opportunity to emphasize 
those recommendations which will improve the competitive 
position of the coal-fired steam locomotive. 

It has been proposed that extensive tests should be made using 
different types and sizes of coal for optimum performance on vari- 
ous types of locomotives. In the writer’s opinion such a program 
should be undertaken as soon as possible so that present locomo- 
tives will reach the ultimate in efficiency and reliability and the 
railroads may find it less attractive to consider other types of mo- 
tive power. Ifit should develop that prepared sizes are superior to 
run-of-mine, it would require a gradual change in the distribution 
of bituminous coal, Mines without screens would be forced to 
make substantial investments for tipple improvements, but this 
would certainly be in keeping with the times, in order that a pro- 
ducer meet all types of competition with coals of similar charac- 
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ter. Considering the standardization of sizes for locomotive 
fuel, it is quite probable that top and bottom sizes should be ad- 
justed to compensate for differences in physical and performance 
characteristics of the coals from different seams and different 
mines. The test program should establish the proper size for 
best performance. The old policy of supplying the railroads with 
run-of-mine and surpluses of any screen. size, as a matter of con- 
venience to the producer, undoubtedly has been a contributing 
factor in the failure to get the best results from the steam loco- 
motive. Even the most expert fireman cannot obtain the best 
results unless he is furnished a reasonably uniform quality and 
size with similar burning characteristics for day-to-day operation. 

The statistics cited certainly show that the locomotive has been 
quite versatile in the utilization of practically every size of coal 
produced by the bituminous industry. This versatility has been 
accomplished undoubtedly with a substantial sacrifice in ef- 
ficiency and reliability. The locomotive with all of its limitations 
of weight, combustion space, and variable performance conditions 
should not be required to use just any size or grade of coal. It 
would seem'much more feasible to utilize the stationary power 
plant for wide-range size and quality-coal application instead of 
using the railroads for balancing the production at the mines. In- 
dustrial steam-generating equipment has wider utilization flexi- 
bility and there is a definite trend in new power-plant construc- 
tion toward the use of an even greater range of coal size and qual- 
ity. Naturally, any change in the distribution of sizes produced 
by the bituminous industry should be very gradual, but the coal 
industry should co-operate to the fullest extent in improving the 
coal-burning steam locomotive. 

It would also seem desirable that the coal industry co-operate 
with the builders of the modern steam-fired locomotives, and the 
railroads, to give wide publicity to the superior performance re- 
sults that are being obtained by the modern coal-fired engines. 
The public should realize that modern coal-fired engines are also 
pulling modern streamlined trains and that some railroads believe 
that comfort, reliability, and economy are obtainable with the mod- 
ern ‘Sron horse.’”’ The coal industry must take other active steps 
to preserve the competitive position of the steam locomotive, 
analyzing this railroad-fuel business on an over-all economic basis 
rather than expect any so-called interdependence of the railroads 
and the coal industry to perpetuate the use of bituminous coal. 


AUTHOR’s CLOSURE 


Mr. Benton has brought up a very good point in that railroad 
fuel loses its individuality after it leaves the mine, so that any 
change in standards would have to be made system-wide as far 
as the railroad is concerned, and industry-wide as far as the coal 
industry is concerned. 

I believe that both Mr. Benton and Mr. Payne have made an 
important point in that all coal preparation should be better, and 
that more and more coal will have to be cleaned for railroad use. 
This of course does not get over the hurdle as to the difference in 
the quality of the coal in the various districts, and the fact that 
these coals are mixed indiscriminately and used interchangeably 
many times on the same trip by one locomotive. 

Perhaps when and if the suggested series of tests are made, a 
standard of preparation for each type of coal will be evolved that 
will somewhat equalize the differences in quality and burning 
characteristics. Thus the quality of the coal might be standard- 
ized to some extent from a performance standpoint although the 
size actually used would vary widely as to the district and seam 
involved. 

Let us again re-emphasize that the blind changing of standards 
without such a series of tests would prove nothing but would 
merely cause a tonnage dislocation without guaranteeing an im- 
provement in performance, 
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A Failure-Sequence Indicator for Static 


Test Specimens 


By R. W. POWELL,! BURBANK, CALIF. 


An instrument is described which has been used to deter- 
mine the location of initial failure in static tensile-test 
specimens. Its particular usefulness in aircraft structural 
development is discussed and technical details of its opera- 
tion are presented. 


aerodynamic design, and the design of the structure. The 

structure must be strong enough to withstand the highest 
expected loading and still be as light as possible. It has been 
variously estimated that 1 Ib of weight-saving in an airplane is 
worth from 10 to 600 dollars in additional pay-load capacity. 
Certainly weight is at a premium, and for this reason structural 
tolerances and factors of safety or ignorance must be small. 

The usual aircraft structure is quite complex so that much of 
the data for stress analysis must come from empirical tests; and 
after an analysis has been made it is usually checked by addi- 
tional tests. 

For many years the aircraft industry has used strain gages of 
various types to obtain much of these data. However, strain 
gages are useful for measuring relatively small strains over a 
limited area only, and since the strain distribution in the structure 
under test is usually the least known factor, it is difficult to be 
sure that at least one of the strain gages is measuring the highest 
localized strain. Even if a strain gage is in the proper location 
and properly oriented, it may not give a good indication for ex- 
tremely localized strain since a strain gage will average the strain 
over its active area. Of course, failure, when it occurs, is usually 
recognizable. However, even after failure, the location of initial 
failure is not definitely established because an initial failure of a 
weak section will usually cause progressive failure in adjacent 
stronger sections due to the resultant redistribution of the applied 
load. 

In compression tests the failure is usually in buckling, and in 
many cases it occurs slowly enough and with enough warning to 
be easily observed. However, in tension tests in which fracture 
or actual separation occurs, the failure often gives no warning 
and can progress, perhaps, at the speed of sound in the material. 

For example, in a specimen of 248-T dural, 3 ft wide, a failure 
initiated at one side may be complete in aslittle as500 microseconds. 
It is highly desirable to locate the origin of such failures exactly. 
Ordinary techniques of obtaining data of this nature with the use 
of high-speed cameras or dynamic strain equipment are not very 
satisfactory because the interval in which the failure can occur 
may be from several minutes to several hours, and real difficulties 
involving film speed and length of film are encountered. 

An ideal instrument for this type of measurement should start 
to record at the instant of initial failure (or slightly before), should 
be reasonably portable, should be simple to operate and install, 
and should have no effect on the strength of the structure. The 


Ee airframe design there are basically two major problems, the 
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Front View 


Rear View 


Fig. 1 Faruurr-Sequence INDICATOR 
. . 
device, Fig. 1, described in this paper incorporates most of these 


features. 
THEORY OF OPERATION OF THE PICKUP 


The pickup or activating elements of the instrument are com- 
posed of small copper wires which are cemented to the surface of 
the structure. It has been determined experimentally that such 
wires, when cemented to aluminum alloy, will fail in tension at 
almost the same time as the structure, Fig. 2, for example. This 
is true even if the wire is more ductile than the structure, because 
at failure the wire is constrained by the cement bond at both sides 
of the rupture, and consequently the strain in the wire is highly 
localized. ' 

The wire must be small in diameter so that the cement bond will 
be strong in comparison to the wire. It must be large enough and 
of proper material so that its incremental elongation will exceed 
that of the structure. Number 40 annealed copper wire is suita- 
ble for incremental elongations up to about 50 per cent, Fig. 3. 
In practice No. 40 Formex insulated wires are cemented to the 
structure with Goodyear MN28C cement and are spaced usually 
not closer than 4 in. 


Turory OF OPERATION OF THE INSTRUMENT 


There are several possible standard methods of recording se- 
quence of failure of the wires but for the most part they are not 
suitable because of the indeterminate time of failure or because 
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of the short time involved during failure. The following method, 
however, has proved practicable: 

Consider first several condensers which are connected in series 
with a battery and resistance, Fig. 4. The sum of the voltages 
on the condensers is equal to the battery voltage at any time 
after closure that is considerably greater than the time constant 
of the circuit. The voltage across each individual condenser is 
determined by its capacity, leakage, and initial state of charge. 

If each condenser is short-circuited by a failure-sequence 
wire, Fig. 5, the charge on each condenser is zero until the 
first wire fails, Fig. 6. When this occurs the voltage across 
the first condenser is 


st 
Be = G = i) 


At the time of the second wire failure, h, it will have a voltage 
equal to 
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After f; the circuit shown in Fig. 6 is modified by the addition 
of condenser C2 as shown in Fig. 7. The charging rate of con- 


denser C, is changed by the addition of the second condenser. 
After t; the expression for HZ, is 


Ea = BE, (i = 


ek C. (4. —t)(Ci+C2) 
Ba = Ff ==2 RCiC2 E 
Ley Cis Os couies 


At this same time the second condenser will begin to charge so 
that 


RG C (4 —t)(Ci+ C2) 
Ba — 2, 1—e- BACs 
RP MOREE G 


If the condensers are equal in capacity the expressions will be _ 
simplified to 
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afd so on (sce Fig. 8). It is easy to see that if the condensers 
are of equal capacity the charge of any one is always greater than 
that on condensers starting to charge at a later time, and always 
less than that on condensers that started to charge at an earlier 
time, Fig. 9. If the leakage is small, the charge on each con- 
k aa 1 a denser may be measured after failure by a ballistic galvanometer 

T1ME——»> 7 or a vacuum-tube voltmeter, and the sequence of, and interval 

between, the failure zones determined. 


VOLTAGE 


My) ; 
P pak: Unfortunately, it is difficult to keep these leakages small if the 
ay) condensers remain attached to the specimen and to the battery, 
ene 2(u—t) ig. 10, Therefore 10 milliseconds after the failure is complete, all 
Ea = Ey — E (SG | Ep, circuits to the condensers are opened automatically so that the 
2 slight remaining leakage will merely decrease the charge, leaving 


the ratios of charge between the several condensers relatively 


-t : : : 

A , a 5 2(h—t) unchanged. The condensers are carefully picked for low dielectric 
be Mee Ee = Ly > E — ey he | Icakage and for uniformity of capacity. 

Even with the foregoing precautions the time of recording data 


i Tt , h 1 7 Ee endive beeen manually for a large number of sequence wires could allow ex- 
- 3 aks . : . . 5 
ti 1e voltage on each condenser at % when the third wire breaks cessive leakage. The instrument Is therefore provided with an 


| is equal to automatic stepping relay that scans the condensers and indicates 
; =H first failure with a numbered light. Immediately following fail- 
{ ghd 2(44 br) ure, the scanning relay automatically goes into operation con- 
; Ba = Ly —— [: —¢ HC | + By = la+ hy necting a vacuum-tube voltmeter, which does not discharge the 

condenser, to each condenser successively. If amy condenser 


has a charge of 80 per cent or more of the applied voltage a relay 
is actuated, the scanning is stopped, and the corresponding light 
indicates the location of the first failure. ; 

In case of initial simultaneous wire failures the switch will scan 


Bea a Ey 


and the equation of charge of each of the three condensers is now 
fi? equal to 
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through once and the operator may increase the voltmeter 
sensitivity until a stoppage of the scanning relay is effected. 
The number of the wire is indicated as before by the lights, and 
the charge on the condenser is indicated by the meter on the 
front panel. When these data have been recorded the operator 
may continue the scanning to another stoppage by pressing the 
“step’’ switch to restart and adjusting the sensitivity control. 
As the instrument is currently used, any number of failure- 
sequence wires up to 18 may be attached (if necessary, it may be 
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designed for any number of wires). It has an initial time con- 

stant of 500 microseconds, which means that a difference in time of 

failure of 20 microseconds of the first two wires may be detected, or_ 
that the second wire to fail may be determined if it occurs as 

much as 2 millisec after the initial failure. This time range may 

be changed to other values by changing the size of the resistor or 

the condensers. 

ConcLusIon 


The device has been used on static tests of aircraft structures 
involving 248-T, 24S-T86, and plexiglas, and in each instance the 
data obtained were wholly consistent and apparently valid. In 
several cases structural redesign was based, in part, on the indi- 
cations obtained by this method, and improved strength and 
joint efficiency were obtained. 


Laminated Edge Attachment for Acrylics 


By E. H. SNYDER,'! BURBANK, CALIF. 


As it had been observed that pressure loads encountered 
on such large acrylic parts as canopies, astrodomes, blisters, 
noses, windshields, and the like, caused frequent replace- 
ments, particularly at attachment points, it was deter- 
mined that an improved method of attachment must be 
developed. In this paper is described an improved method 
of edge attachment for the canopy of the P-80 airplane in 
which aerodynamic and cockpit pressure loads have im- 
posed higher loads than usual in the acrylic canopy mate- 
rial. In tests, laminated edging integrally attached to 
acrylic sheeting consistently approached and in certain 
cases developed the full strength of the cast acrylic sheet- 
ing. 


INTRODUCTION 


N examination of a number of service reports on large 
acrylic parts such as canopies, astrodomes, turrets, blisters, 
noses, and windshields revealed that replacements were 

comparatively frequent. Most replacements were necessitated 
due to crack formations originating at attachment points. The 
method of edge attachment assumed a role of increased impor- 
tance with the introduction of high-performing aircraft such as the 
P-80 airplane. Aerodynamic and cockpit pressure loads encoun- 
tered in the P-80 imposed still higher loads in the acrylic canopy 
material. 

The present conventional method of attachment requires the 
drilling of a considerable number of holes along the edges of 
the canopy. These holes have to be large enough to permit the 
installation of rubber grommets and steel liners which serve to 
minimize the possibility of crack formation. A new and improved 
method of edge attachment was recently developed which con- 
sists of bonding integrally a laminate of relatively high strength 
to the canopy edges. Attachment can then be made directly 
through the laminated edge strips without the use of grommets 
and liners. 

Until recently the manufacture of such a reinforced edge has 
not been practical. However, with the development of catalysts 
which promote rapid polymerization or solidification of the methyl- 
methacrylate liquid monomer in the presence of ultraviolet light, 
the bonding of edge strips to the canopy has become feasible. 

Preliminary tests showed that this type of attachment was at 
least twice as strong as the conventional edge attachment. Thus 
a series of tests was instigated to develop a design and technique 
which was commercially applicable to regulation canopies. The 
final objective of this program was to apply the new attachment 
method to actual airplane parts such as canopies and windows and 
determine their strengths when tested under conditions encoun- 
tered in the actual flight of the airplane. 


Discussion orf LAMINATING RESIN 


The acrylic sheeting used in present-day aircraft is made by 
casting methyl-methacrylate monomer (a water-white liquid) 
between two glass plates. The addition of a catalyst and the 
application of closely controlled heat cause the monomer to poly- 
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merize or cure into a solid state. Polymerization is accompanied 
by an exothermic reaction, which, if not properly regulated, would 
cause the rate of polymerization to progress beyond control and 
result in the formation of bubbles or perhaps violent boiling of 
the monomer. This is reviewed in order to point out that poly- 
merization must proceed at a rather slow rate. Several days or 
a week, depending upon the thickness, are necessary for the cur- 
ing of the usual cast sheet. 

When attention was first directed toward a laminated edging 
for acrylics, it was conceivable that layers of cloth could be cast 
integrally around the edges of a cast acrylic sheet. This, however, 
was beyond the scope of the average aircraft plastics laboratory. 
It was hoped that a quicker and more practical method could be 
developed to attach integrally a laminated edging to methyl- 
methacrylate sheeting. 

A light-sensitive catalyst,? which caused strips of cloth, impreg- 
nated with prepared acrylic monomer to “jell” in 5 to 10 min. 
and cure into a hard mass in approximately 1 hr of exposure to 
sunlight, appeared to be the solution to the laminated edge at- 
tachment. 

Methyl-methacrylate monomer is waterlike in consistency. 
To make it more suitable for laminating operations, it was 
thickened or bodied so that it would not run off the laminated 
or bonded item before the polymerization or solidification reaction 
was complete. The monomer was bodied or partially polymerized 
by adding a very small amount (0.2 per cent by weight) of the 
light-sensitive catalyst and refluxing until the suitable viscosity 
was attained. Care was exercised in determining the amount of 
catalyst necessary so that none in excess of the specified amount 
would be added. Too much catalyst would cause the exothermic 
reaction which occurs during refluxing to proceed so rapidly that 
uncontrollable boiling results in complete polymerization. When 
this bodied resin cooled to room temperature, an additional 3 
per cent by weight of the catalyst was added to make it ready for 
application. In this condition it must be used within a few hours 
or stored in a refrigerator to prevent complete solidification or 
polymerization: 


FABRICATION OF JOINT SPECIMENS 


The test specimens used to determine the strength of the various 
types of edge attachments were made from 5/;.-in-thick acrylic 
sheet stock 4!/, in. long and 3 in. wide. The thickness and 
width were thus chosen to approximate 1 sq in. of cross section. 
The laminates used for the edges of the new type joints consisted 
of Fiberglas or other fabrics laminated with the same resin that is 
used for making the actual blown canopy. 

Type I—External V-Joint. Some of the first acrylic tension 
specimens, containing an external “‘V” on the ends (see Fig. 1) 
were prepared “wet;” that is, laminae of glass cloth which had 
just been dipped in the acrylic resin were laid symmetrically on 
either side of the scarfed ends and the whole assembly sandwiched 
between cellophane-covered glass plates. After exposure to sun- 
light for approximately 1 hr, the resin polymerized or cured, and 
the specimen was then ready for trimming and mounting. It has 
been found that the time necessary for curing can be substantially 
reduced by using a good strong source of ultraviolet light instead 
of natural sunlight. " 

Since cut Fiberglas cloth tends to fray and become unwoven 
at the ends, it was practically impossible to keep a few loose glass 
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threads from floating out upon the clear portion of the specimen 
and being cured in place. 

To avoid the problem of these loose Fiberglas threads and also 
the undesirable handling of the wet laminae in the final prepara- 
tion of specimens, laminates were cured into flat sheets in the 
following manner: 

Each piece of fabric (about 23 in. square) was dipped into a 
pan of the prepared resin and laid in place on a 2-ft-sq piece of 
cellophane-covered tempered glass plate. As each piece was 
stacked on the glass plate the trapped air bubbles were worked 
out with a suitable squeegee. When all layers were in place, 
micarta strips 1/2 in. wide and of proper thickness were nested 
around all four edges to serve as spacers and also to prevent too 
much resin from escaping. A second 2-ft-sq piece of cellophane- 
covered tempered glass plate was then placed over the stack of 
impregnated fabric and clamped in place with a number of stand- 
ard C-clamps. After curing, the laminate was machined into 
strips for bonding to the acrylic-specimen edges. These flat 
laminated sheets were made in thicknesses equal to one half that 
of the acrylic component in order to facilitate beveling of the 
edges of strips which were machined from the flat sheets. Figs. 1 
and 2 illustrate how the beveled strips were placed together to 
form a mating “V.’’ The successful rapid machining of these 
strips was accomplished by using cutting tools with cemented- 
carbide tips. The prepared resin was placed on all mating sur- 
faces and the strips cured in place by exposing the assembly to 
sunlight. 
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Tests made on this type of attachment showed that it had a 
strength equivalent to that made with individual wet laminae 
but it, too, had some distinct disadvantages: (1) Due to the 
shrinkage problem which is difficult to handle and because of 
the fact that resin cast in this manner has a lower strength 
than the original acrylic sheet, the scarf of the edge strips had 
to be of a length which would allow a transition gradual enough 
to produce an attachment of optimum strength. The length of 
scarf necessary caused the opaque laminated edge to extend 
about 1/, in. above the usual canopy mount, thus decreasing 
visibility. (2) Any excess resin which was present tended to be 
forced over the clear adjacent surface. This necessitated labori- 
ous polishing to restore the original optical qualities. 

Type II—Internal V-Joint. This type of joint was also made 
by bonding the cured laminated strips to the prepared acrylic 
edge, but in this case the scarfed edges of the laminate were 
fitted into an internal “V” in the acrylic edge (see Fig. 2). Tests 
made on this type of specimen showed that it was stronger than 
an. equivalent external type of joint; and that an internal “V” 
1/, in. deep was as strong as any %/, in. external V-joint. In 
addition, the disadvantages of the external type of joint were 
eliminated, because it was now possible to keep the opaque edge 
flush with the canopy mount, and ‘any excess resin present when 
the edge strips were bonded in place was forced over the opaque 
laminate instead of the clear adjacent acrylic sheet, 

Figs. 1 and 2 illustrate both types of joints and clearly indicate 
the advantages of the internal type of attachment. 


Resuuts or Trsts 


Tension Tests. As a result of stress concentrations, the effi- 
ciency of edge attachments in direct tension vary from 30 per 
cent (for bolted attachments, using rubber grommets and steel 
liners) to approximately 85 per cent for laminated edge attach- 
ments. In terms of average stress at failure, the conventional 
bolted attachment developed approximately 2500 psi and the 
laminated edge attachments ranged as high as 6500 psi. 

Bearing Tests. Since the specimens containing the laminated 
Fiberglas edges were failing outside of the actual joint and causing 
no appreciable elongation of the attachment holes, it was decided 
that a laminate containing all laminae of Fiberglas was too strong. 
It was hoped that a laminate of cotton or linen cloth would solve 
the problem and eliminate the undesirable machining qualities 
of laminated Fiberglas, but the linen and cotton cloth-filled 
laminates failed in tension before there was any evidence of bear- 
ing failure. A number of laminated bearing specimens were thus 
fabricated using a combination of cotton cloth and Fiberglas 
cloth. Elongation of the attaching holes was thereby controlled 
by substituting cotton cloth for certain Fiberglas laminae. 

Fatigue Tests. Test specimens of the conventional rubber 
grommet-and-liner type and those containing the internal V-type 
laminated edges were made identical to those used for tension 
tests. These were tested dynamically at various loadings and 
frequencies until failure occurred. The fatigue life of the lami- 
nated attachment was found to be over 1000 times that of the 
bolted type. 


APPLICATIONS OF THE LAMINATED EpGr ATTACHMENT 


(a) Aircraft Canopies. From the promising results obtained 
from the small test specimens it was decided to prepare a full- 
size canopy of the type used on the P-80 airplane with the new 
type of edge attachment and tested under simulated flight condi- 
tions. 

The P-80 canopy is of the one-piece “bubble” type, which lends 
itself to “free-blowing” or vacuum-forming. In this process of 
forming, a heat-softened acrylic sheet is clamped to a vacuum 
pot and free-drawn to a controlled depth. The shape of the 
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yacuum-pot opening gives the general outline required for 
the canopy edge. After forming is completed the enclosure 
is finish-trimmed for mounting. 

The P-80 production canopy is fabricated from 3/,-in-thick 
acrylic sheet. However, the new canopy which was to contain 
the laminated edging was formed from a °/j-in-thick acrylic 
sheet. 

Following is a step-by-step description of the detailed oper- 
ations required in the preparation of the laminated strips and their 
subsequent attachment to the canopy edges: 


1 Preparation of laminates: As a result of the bearing tests 
made on various types of laminates, a combination muslin-and- 
Fiberglas cloth laminate was chosen, which would show an 
incipient bearing failure in the attaching holes at a load slightly 
below the average breaking load of the acrylic specimens. This 
would allow a more uniform distribution of the loads. 

The laminated-edge-strip material, which was considered as 
the optimum for this type of attachment, consisted of two layers 
of coarse-woven muslin with a layer of ECC-11-148 Fiberglas 
cloth on each outer surface. These laminates were made in the 
game manner as previously described, and their nominal thick- 
ness was chosen as !/g in. less than 1/2 of the minimum thickness 
of the canopy edge, in order to make it possible to produce a com- 
pleted edge strip with surfaces flush with the canopy surfaces. 
The laminated panels were cut into strips 11/s in. wide and then 
beveled on one edge to mate with the canopy edge and also on each 
end to mate with adjoining strips. 

It has been found that the variation in thickness of commercial 
canopies was as much as 0.100 in. due to manufacturing tolerances; 
in addition, the thickness variation may further be increased by 
the canopy drawing or stretching operation. However, by plac- 
ing a strip of wet uncured resin-impregnated fabric between two 
cured laminated strips, it was possible to compensate for any 
variation in thickness normally found. 

2 Preparation of canopy edges: The edges of the special blown 
acrylic canopy were first trimmed shorter than a conventional 
canopy to allow for the addition of the laminated edge. The 
edges then were machined to form an internal ‘“‘V,” since the 
internal V-joint had proved to be superior from the standpoint of 
strength and ease of fabrication. The internal ““V’’ was machined 
quite readily by the use of a portable hand router and a special 
bit. 

Transparent contoured fixture strips, which were necessary to 
hold the laminated edging to the canopy and at the same time 
permit light to reach the joint to effect curing, were obtained by 
sawing off the edges of scrap production canopies. These con- 
toured strips were then clamped on either side of the canopy 
edges so that they extended approximately 1/2 in. beyond the 
machined edges of the canopy. They served their purpose effec- 
tively for the forming of the laminated strips and also as trans- 
parent fixtures for holding the formed laminated strips in place 
during the curing cycle. 

3 Forming of laminated edge strips: The prepared laminated 
strips were formed to mate with the ever-changing contour of the 
canopy edges. Since the resin used to make the laminates was a 
“thermoplastic” (softens under heat and hardens when cooled), 
it was only necessary to heat, the strips for several minutes in an 
oven at 300 F and then hold them in place in the grooved canopy 
edges until they cooled. This was facilitated by the transparent 
fixtures (edges from scrap canopies) clamped to the prepared 
canopy edges. The hot pliable laminated strips were forced down 
onto the machined edges of the canopy and clamped. to the over- 
hanging transparent fixture strips until they cooled enough to 
retain their new contour. 

4 Curing of preformed laminates to canopy: The next step 
in the fabrication of the edge attachment was to sandwich a wet 


resin-impregnated Fiberglas lamina between two cured formed 
laminated strips to build up the thickness of these edge strips to 
equal that of the canopy edge. Excess resin from the wet laminae 
flowed into any spaces created by the varying edge thickness of 
the canopy and was thus cast and cured into place around the 
canopy edges to form a smooth, clear, and continuous transition 
from the opaque laminated edge to the clear acrylic canopy ma- 
terial. 

To simplify tooling, the attaching operation was accomplished 
in two steps. In the first step the cellophane-covered transparent 
fixture strips were clamped only to the inside edges of the canopy. 
The chamfered edges of the inboard cured laminated strips were 
“doped”’ with resin, forced into contact with the canopy edges, 
and clamped in position to the fixture strips for curing. The 
second curing step was taken after removal of the inboard trans- 
parent fixture strips. The wet impregnated Fiberglas lamina was 
then placed on the previously attached inboard laminated strip. 
Next, the chamfered edges of the outboard cured laminates were 
doped with resin and carefully placed in their correct position on 
top of the wet lamina. The cellophane-covered outboard trans- 
parent fixture strips were then placed on top of this assembly and 
clamped in place to the canopy. As a final operation to assure 
correct positioning, the outboard cured laminates were forced 
into intimate contact with the machined edges of the canopy be- 
fore finally clamping in place to the outboard fixture strips for 
curing. 

The canopy described, having the laminated edging, was sub- 
jected to pressurization tests along with production canopies 
containing the rubber grommet-and-metal liner type of attach- 
ment. The laminated-edge-type canopy, blown from */1.-in- 
thick acrylic material, withstood pressurization loads 25 per 
cent greater than those which produced failure in the 3/s-in- 
thick production canopies. This °/,--in-thick canopy, containing 
the laminated edging, was not tested to destruction, but was 
saved for possible investigation of other variables. 

This canopy was actually one of three fabricated with the 
laminated edging for testing purposes. 

The first one, formed from 5/,5-in-thick acrylic sheeting, failed 
prematurely at a load higher than that withstood by any pre- 
vious production canopy, when part of the mounting structure 
failed. 

After reinforcement of the mounting structure, the second 
5/1¢-in-thick canopy was tested as previously described and then 
saved for possible future investigations. 

The last and third canopy was formed from 1/,-in-thick acrylic 
sheeting. Considerable speculation awaited the test results of 
this particular canopy. Unfortunately, however, it was cracked 
during installation, so further testing was discontinued. 

5 Fabrication of canopy from a flat developed pattern: Near 
the end of the war an ingenious method was developed by a 
West Coast plastics fabricator for the free-blowing of aircraft 
canopies from a flat developed pattern. This method consisted of 
machining a sheet of acrylic to the exact flat developed pattern 
of the canopy. After heating the flat blank in a specially con- 
structed oven, it was carefully laid on a blowing jig and securely 
clamped around all edges to effect a perfect seal against air leaks 
before the blowing operation was started. Positive air pressure 
was used rather than pulling a vacuum. This enabled the oper- 
ator to check the part during the blowing process and control the 


. air pressure throughout the operation. 


The canopy for North American’s P-51 “Mustang” fighter 
plane was “‘free-blown” from a flat developed pattern using this. 
method. With North American’s permission a P-51 canopy was 
secured by Lockheed in the flat pattern, and Lockheed’s lami- 
nated edge attachment was cured to the edges of this pattern. 

3 Stacks Plastics, Culver City, Calif. 
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Fic.4 SHAR SPECIMEN 


Since the curing of the laminated edge strips to a flat sheet ob- 
viously entails less difficulty than curing strips of compound cur- 
vature to canopy edges of compound curvature, it was desired to 


determine whether or not the addition of the laminated edging - 


to the flat pattern would alter the forming characteristics of this 
particular free-blowing method. 

No difficulties were encountered in the final operation of blow- 
ing this flat developed pattern into a finished canopy with lami- 
nated edges. 

The hand methods used in fabricating the special laminates and 
their subsequent attachment to the canopy edges were neces- 
sarily laborious. However, when production methods are con- 
sidered, it is apparent that certain operations could be eliminated 
or greatly simplified. The method of blowing canopies from a 
flat developed pattern would further facilitate production if 
applied to the lJaminated-edge-type canopy. 

(b) Acrylic Panels. Since joints of 85 per cent efficiency 
were consistently being produced of laminated strips to acrylic 
sheeting and developing stresses as high as 6500 psi, the possi- 
bility of using stressed acrylic panels was given consideration. 

One of the characteristics desired to be known about an acrylic 
panel, which incorporated a laminated edge attachment, was its 
behavior when subjected to shear loads both at normal and ex- 
treme temperature ranges. 


1 Shear tests. The method used in fabricating the shear test 
specimens was essentially the same as that used for fabricating 
the canopy laminated edge attachment. Three test specimens 
were made from 3/;-in-thick acrylic sheeting according to Fig. 
4. These panels were mounted in a steel shear frame having pin- 
connected corners, and the assembly was attached to a rigid floor 
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structure. The shear loads were applied to the panel frame by 
means of hydraulic jacks and transferred to the plastic panel 
through the 1/,-in-diameter attaching bolts. Total shear de- 
flections were measured by means of a dial gage. A temperature- 
controlled enclosure was built around the test panel so that vari- 
ous temperatures could be accurately maintained. 

The first panel was loaded at a temperature of 65 F in incre- 
ments of 50 Ib per in. (see Fig. 5). The application, removal, 
and reversal of shear load was repeated for 1000 cycles at 150 Ib 
per in.; 1000 cycles at 300 lb per in.; and 3000 cycles at 500 
lb per in. This repetition of loading showed no change in the 
shear deflection noted at the beginning of each cycling test. A 
maximum static load of 850 lb per in. was applied at room tem- 
perature without any serious permanent effects. 

When the foregoing tests were completed the temperature was 
lowered to —55 F, and a load of 300 lb per in. was applied and 
maintained for 2 hr. Upon removal of all load there was no 
indication of permanent set. The load was then gradually in- 
creased to a maximum value of 650 Ib per in., whereupon the 
specimen suddenly shattered. 

The second panel was installed and the temperature lowered 
to —40 F. Loading was applied in small increments, and again 
when the value of 650 Ib per in. was reached, the panel suddenly 
shattered. } 

The third and last panel was tested at 130 F. Loading was 
applied in 50-lb-per-in. increments until a load of 600 lb per in. 
was attained. Failure occurred approximately 90 sec after ap- 
plication of the 600-lb-per-in. load. 

The amount of deflection at various temperatures is compared 
in Table 1. 

2 Tension creep tests. The purpose of these tests was to 
determine the behavior of an acrylic panel incorporating lami- 
nated Fiberglas edges under prolonged tensile loading at various 
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VARIOUS TEMPERATURES 
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TABLE 1 DEFLECTION OF TEST PANEL AT VARIOUS 


TEMPERATURES 
Temperature, Shear load, Total deflection, 
deg F lb per in. in. 
— 40 650 0.120 ‘ 
70 650 0.155 
130 600 0.354 


Test specimens were made from 3/,-in-thick sheet stock with 
the Fiberglas edge attachment at each end, as shown in Fig. 3. 

Specimens were suspended in a controlled-temperature en- 
closure by means of a double-shear-type fitting. At the lower 
end, arrangement was made for applying 2400 lb (600 Ib per in.) 
through a single shear-type fitting, so that there was an eccen- 
tricity of °/s: in. between the suspension and the applied load. 
Two dial gages, calibrated in thousandths of an inch, were in- 
stalled, one on either side of the specimen, to indicate the total 
elongation in the 10-in. gage length. Time versus elongation 
curves for different temperatures are presented in Fig. 6. 

The tests indicated that when the load was first applied the 
rate of creep was high, but that it decreased rapidly over 
the first several hours, 

Creep effect is greatly influenced by temperature, as may be 
seen by referring to Fig. 6. Considering 10 hr. as a reasonable 
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period for “long-duration” loading, it is apparent that under 600- 
Ib-per-in. load and at room temperature, the observed creep 
constituted only an additional 12 per cent above the elastic (in- 
stantaneous) elongation, while at 140 F the deformation would 
almost double itself. Under this load and at any temperature up 
to 140 F, 10 hr appears to be sufficient time for a reasonable 
stabilization of the elongation. 

At the conclusion of the tests no permanent elongation of the 
holes in the Fiberglas-reinforced edge was apparent. It is im- 
probable that any appreciable amount of the observed creep 
effect occurred in the laminated edges. ‘ 


SUMMARY 


In summarizing, it is pointed out that a laminated edging inte- 
grally attached to acrylic sheeting consistently approached and 
in certain cases developed the full strength of the cast acrylic 
sheeting. 

Where further reduction in load concentrations is necessary 
at attachment points, various combinations of filler material may 
be used in the laminated edging to produce controlled bearing 
failure in the attaching holes. 


Rotational Drop-Testing of Airplane 
Main Landing Gear 


By W. H. GAYMAN,! BURBANK, CALIF. 


The immediate physical objectives of drop-testing are 


- _ presented, together with a general method for conducting 


rotational tests that have proper contact velocity and 
energy relationships coincidental with the absence of un- 
desirable dynamic reactions at the pivot axis. Applica- 
tion of the method to tests of the main landing gear of the 
Models PV-1 and PV-2 patrol bombers is discussed. Con- 
clusions drawn from dynamic-load measurements em- 
phasize the possibility of attaining excessive loads in the 
drag-resisting structure when the impact surface is hori- 
zontal and the gear is inclined to simulate resultant load- 
ing of any particular design condition. It is implied that 
the practice of dropping the test gear on an inclined plat- 
form during translational drop tests may result in un- 
conservative loading unless deliberate compensation is 


afforded. 


INTRODUCTION 


ROP-TESTING of a newly designed airplane landing 
ID gear is commonly included in the structural-test program 
carried out with a static-test airplane. These tests have 
as their immediate purpose the demonstration of the degree of 
compliance with design specifications regarding, fundamentally, 
the energy-absorption characteristics and related dynamic be- 
havior of the landing gear. While the tests are generally preceded 
by landing-gear-jig drop-tests, conducted incident to developing 
or checking the shock-strut design, their specific objectives are 
the determination of landing-gear functional characteristics with 
effects of airframe elasticity included, and the checking of the 
structural integrity of the gear and its supporting members. The 
latter consideration is in general complementary to other required 
structural tests. 

In the case of an airplane with conventional landing gear, it 
has been customary to conduct rotational drop-tests indepen- 
dently for both tail gear and main gear. In tests of the former, 
the airplane is usually permitted to “rotate about the main gear 
axles” as the tail is raised and dropped. In tests of the main 
gear, the tail-wheel axle or some other convenient item is utilized 
as the pivot axis. 

The author has failed to discover any literature justifying the 
basic concept of rotational drop-testing of main landing gear as 
commonly executed; he presumes that its acceptance has been 
due to its advantages over translational drop-testing of the en- 
tire airplane because of its inherent freedom from additional test 
variables arising from the following: 


1 The problem of assuring simultaneous or at least repro- 
ducible contact conditions of main wheels and tail wheel. 

2 Interactions of main landing gear and tail landing gear 
attributable to airplane-pitching accelerations due to different 


1 Formerly, Research Engineer, Lockheed Aircraft Corporation. 

Presented at the Aviation Division Meeting, Los Angeles, Calif., 
June 3-5, 1946, of THE AMERICAN Socrmry or MEcHANICAL ENcI- 
NEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


stiffness rates and strokes of the two basic types of landing 
chassis. 


This is not to imply that translational drop tests are conducted 
infrequently; the advent of tricycle landing gear has given im- 
petus to development of this technique. 

However, it is not the purpose of this paper to present a dis- 
cussion of methods other than rotational drop-testing, or of the 
philosophy of drop-testing in general. Rather, the intent is to 
present, from a test engineer’s point of view, a discussion of 
methods that have been under development since the beginning 
of a program for drop-testing the PV-1 patrol bomber. 


1 GENERAL DYNAMIC CONSIDERATIONS 
Drop-Trest PROBLEMS 


There appear to be no standard interpretations of drop-test 
criteria as they reflect on the major aspects of the physical prob- 
lem. Consequently, the test engineer must formulate his own 
interpretations from the pertinent general specifications, or per- 
haps depart from the letter of the specifications in order to ration- 
alize some of the apparent physical incompatibilities. For ex- 
ample, while the drop-test specifications of various agencies are 
specific enough in defining “drop-height” and ‘load-factor’’ 
requirements for landing gear of various types of aircraft, in gen- 
eral they either leave too much latitude in the test-airplane 
weight distribution or impose limitations that have no funda- 
mentally rational basis. In the manner of support of the test 
airplane at its pivot attachment, a specification may impose re- 
strictions, which, if rigidly adhered to, can unwittingly cause 
local failure of the aft fuselage section in the attempt to obtain 
tests of the main landing gear, or conversely, failure of the main 
landing gear or its supporting structure in rotational drop tests 
of the tail gear. 

That instances of such failures exist is a matter of record. In 
some cases a “too literal’ interpretation of the pertinent speci- 
fication may have been the cause; in other cases lack of precedent, 
combined with insufficient appreciation of the dynamic aspects 
of the problem may have been a factor. In any case, however, 
possible danger to test personnel as well as direct and indirect 
costs occasioned by such accidents have warranted the direction 
of efforts to evolve a practical rotational drop-test technique that 
satisfies all of the basic requirements. Because of the length 
that would be required to cover specific problems arising in rota- 
tional drop-tests of auxiliary gear, the present discussion is neces- 
sarily limited to rotational drop-testing of main gear, although 
the basic dynamical approach is applicable to either. 

Rotational drop-testing is simply a conyenient means of ob- 
taining landing-gear performance characteristics. Because of 
the variation of linear acceleration with distance from the center 
of rotation, this type of test is not intended to constitute a struc- 
tural test of the entire airplane, but rather is limited to a rela- 
tively localized region embracing the test gear. 


Trst Serup PARAMETERS 


In order to impart a maximum of physical meaning to the in- 
terpretation of the test results it is important that the test setup 
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parameters be consistent with the basic design conditions. 
Hence for a given test: 


(a) The magnitude of the static reaction on the test gear 
should be the same as that established by the design condition. 
(A value based upon an “‘equivalent-mass” analysis may be used 
where applicable.) 

(b) The wheel contact velocity for a given free-drop height, as 
measured at the axle (or bottom of the tire), should be the same 
as that to be obtained in a hypothetical translational drop from 
the same drop height. 

(c) The energy to be absorbed by the test gear, resulting from 
a drop from a given height, as measured at the axle, should be 
the same as that part of the airplane’s total potential energy that 
would be absorbed by the test gear in a purely translational drop- 
test from the same drop-height, effects of interactions of main 
gear and auxiliary gear being discounted. 

(d) The direction of the impact load on the gear, relative to 
the shock-strut axis, should be the same as that established 
by the particular design condition. 


Requirement (c), as presented here, is really repetitive since 
ideally the satisfaction of conditions (a) and (b) automatically 
fulfills (c). 

In addition to the attainment of these basic objectives, the 
test engineer has a few of his own requirements to meet, the fore- 
most, aside from safety for test personnel, being that he avoid 
structural damage to the test airplane resulting from dynamic 
loading at the pivot point. 

An analytical evaluation of the degree to which all of these 
criteria may be satisfied may be made by consideration of the 
dynamics of the compound pendulum, 

Consider the case of the rigid pendulum subjected to con- 
strained rotation, Fig. 1. If the pendulum has its motion ar- 
rested suddenly by a stop, the nature of the instantaneous load- 
ing at the pivot point is dependent upon the following factors: 


(a) The instantaneous value of the angular velocity. 

(6) The magnitude of the force exerted by the stop. 

(ce) The direction of the stop force relative to the line con- 
taining the center of percussion, the center of gravity, and the 
center of rotation. 

(d) The displacement of the line of action of the stop force 
from the center of percussion of the pendulum. 


If the line of action of the stop forces passes through the center 
of percussion, the tangential component produces no reaction at 
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the pivot axis. However, the radial component adds algebra- 
ically to the simultaneous value of centrifugal force. 

If, in the case of a semielastic body, the motion is arrested by- 
a sprung stop, the natural frequency of which is very low com- 
pared with the natural axial and flexural frequencies of the body, 
the behavior of the system is quite comparable with that of the 
inelastic pendulum. 

The rigid-body type of analysis applied to a rotational drop- 
test setup indicates the nature of the problem of avoiding unde- 
sirable loading at a fixed pivot point. Consider a case for tests of 
main landing gear. If the airplane wheels are dropped ona well- 
greased horizontal surface, it is generally assumed that the land- 
ing reactions act vertically. This being granted, it becomes 
necessary to orient the pitching attitude of the airplane so that 
requirement (d) noted previously is fulfilled, that is, so that the 
direction of the shock-strut axis relative to the impact load con- 
forms with the design condition. 

This factor precludes the probability of avoiding substantial 
loads at the fixed-pivot axis even if the test airplane’s weight is 
distributed so that the center of percussion is directly over the 
line of contact of the main-gear wheels. With the airplane in 
attitudes intended to simulate either “level-landing” or “three- 
point-landing”’ conditions, it is not possible to distribute the re- 
quired mass so that the line containing the center of percussion 
and the fixed axis of rotation is normal to the landing reactions. 

In the case of the Model PV-1, a 26,500-lb normal-gross weight 
airplane, calculations for drop tests in three-point attitude, with 
the center of percussion over the main-gear axles and the tail- 
gear axle a fixed center of rotation, indicate that allowable impact 
loads on the main gear could produce a tail-gear drag-load com- 
ponent in excess of 24,000 Ib. An estimated value of angular 
velocity at the instant of peak impact load indicates an additional 
3000-lb component, due to centrifugal force, giving instantane- 
ously a magnitude of total drag load on the tail gear greater than 
that of the airplane gross weight. 

In order to avoid the imposition of large dynamic loads at the 
pivot point, it has sometimes been a practice to provide elastic 
restraint of the pivot by use of shock cord. This technique may 
well prevent damage to the airplane structure but still may re- 
sult in violation of requirements (b) and (c) relative to contact 
velocity and energy absorption, depending upon the degree of 
restraint afforded. ! 

The ideal anchorage for the airplane in rotational drop tests is 
one whereby the axis of rotation may be placed on a horizontal 
line through the airplane center of gravity (eg). 

The “free rotational” compound pendulum represents a system 
of this type, Fig. 2. If the pivot axis is allowed to move freely in 
frictionless horizontal guides that offer complete vertical re- 
straint, no horizontal forces can be applied to the body during its 
free fall, and the center of gravity will drop vertically. During 
this period the only force existing at the pendulum support is | 
that required to produce angular acceleration of the body about 
the instantaneous center of rotation, which falls with a vertical 
velocity the same as that of the center of gravity. Thus the 
line containing the instantaneous center of percussion (icp) and 
the instantaneous center of rotation passes horizontally through 
the center of gravity. If the instantaneous center of percussion 
is located directly over the stop, the stop force produces no im- 
pact at the moving pivot axis, 


EQuiLiprium Equations 


Several useful and interesting relationships may be obtained 
from the equilibrium equations of this system during its free-fall 
period. By referring to Fig. 2 it may be seen that the position, 
velocity, and acceleration of the center of gravity (eg) relative to 
the reference axes are described by 
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i From Equations [1c], [2], and Heul 
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Equation [4] may be put in a more convenient form by using 
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w 5 for a and letting w? = 2u, resulting in 
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Solution of this equation yields 


gr cos 6 
r? cos? 6 + p? 


2 gr (sin @ — sin 9) 
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where 6 is the position angle corresponding to w = 0. 
The term, 7(sin @ — sin ) is simply the change in height of the 
! center of gravity, that is, (Az)cg. 
i By use of the concept of the instantaneous center of rotation 
the relationship between the drop height of the center of gravity 
and that of the instantaneous center of percussion is apparent 
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From basic mechanics d = —, where k is the radius of gyration 
r 


about the axis of rotation, and r is the distance from the center of 
rotation to the center of gravity. 
r? cos? @ + p? 


Here d = , so that the vertical velocity of the 
r cos 0 
center of percussion in terms of its drop height is 
(vz)icp = dw 
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Since the vertical velocity attained by the instantaneous center 
of percussion in falling from a given drop height is the same as 
that attained by a body falling freely from the sare height 


(az)jiep = 9 
and, from Equation [2] and the counterpart to Equation [7] 
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If the system is prevented from rotating by an external re- 
straint acting along a vertical line through the instantaneous 
center of percussion, the static reaction at the pivot axis is 


d — r cos 0 
ei eg) 


= F,, for the same values of 0 
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Frer RorationaL CompounD PENDULUM SysTEM 


The “free rotational’? compound pendulum system ideally per- 
mits fulfillment of all of the basic rotational drop-test require- 
ments for main gear if it is physically feasible to satisfy the fol- 
lowing conditions: : 


1 The inclination of the shock strut relative to the impact 
load (assumed acting vertically) may be made to conform with 
the design condition. 

2 With the airplane in the attitude consistent with item 1, a 
distribution of weight may be made such that, for the entire 
loaded airplane, (a) simultaneous values of r cos @ and p satisfy a 
value of d predetermined from a choice of moving-pivot location; 
and (b) simultaneous values of r cos 8 and W satisfy the require- 
ment for test-gear static reactions. 


It is to be noted that the test-airplane gross weight and center- 
of-gravity position, as such, need not conform with those of the 
design condition; nor need the disposition of weights in the fuse- 
iage be based upon the actual distribution of fixed equipment or 
useful load. It is, of course, important to avoid local overload- 
ing of any part of the structure; the probability of this occur- 
rence may readily be determined by analysis of the weight dis- 
tribution with regard to anticipated local accelerations. 

In practice, deviations from the theoretical performance exist; 
these may be summarized qualitatively as follows: 


(a) Eccentricity and Nonverticality of Impact Load. Because 
of the inclination of the shock strut the fore-and-aft position of 
the axle relative to the airplane varies as the strut is compressed 
under load. Thus at only one position may the test-airplane 
instantaneous center of percussion be directly over the axle. The 
effect is usually very small, however, the maximum eccentricity 
from this source being of the order of 1 per cent of the value of 
d. Another contribution to eccentricity may result from change 
in effective mass. Prior to impact, the airplane may be consid- 
ered as a relatively rigid body; after impact the semisprung mass 
of tire, wheel, axle, and piston behaves altogether differently 
from the rest of the airplane. Here, again, the magnitude of 
these effects is generally small since the percentage change in 
“rigid”? mass is small. 

Potentially of more importance than the horizontal eccen- 
tricity of axle relative to the instantaneous center of percussion 
is the drag-load component resulting from forward or aft motion 
of the tire on the impact surface. Even with a liberally greased 
contact surface it is not inconceivable that the direction of result- 
ant load may vary by several degrees from the vertical, depend- 
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ing upon the coefficient of friction and the moment of inertia of 
the wheel-and-tire mass. This factor is of little practical conse- 
quence in so far as the magnitude of dynamic loading at the pivot 
axis is concerned; it is more significant that the nature of the 
effect is generally such as to be additive to the design drag-load 
component, simulation of which is intended by prior inclination 
of the shock-strut axis. More will be said about these effects in 
the discussion of the test results. 

(b) Nonrigidity of Airframe. Potentially, a major reason for 
differences between the idealized and the actual behavior might 
appear to lie in the fact that the airplane is not a rigid body. 
Quantitatively, an analysis of the effects of elasticity is a formida- 
ble task (1, 2).2 Moreover, it would appear to be a misdirec- 
tion of effort to attempt such an analysis merely for purposes of 
of drop-testing 

Qualitatively, it may be noted that the load-time history of a 
landing event is usually very long in comparison with the natural 
period of vibration of any of the significant weight items. Hence 
pure resonant effects may be discounted. However, both the 
release shock and the landing shock excite in the airplane com- 
ponents transient oscillations which may have a measurable ef- 
fect, not merely at the pivot axis, but also on the test-gear dy- 
namic loading. It might be expected that elastic effects would 
be most noticeable for critical metering pin-and-orifice combina- 
tions. Cases are known wherein a particular metering pin, pre- 
scribed as a result of landing-gear tests in a translational drop- 
test rig, was found not to give optimum performance in airplane 
drop tests. However, it should be noted that differences in over- 
all test techniques, including setup parameters and instrumenta- 
tion, may well produce differences of comparable magnitude. 


2 APPLICATION TO LOCKHEED 


DROP-TESTS 


PV PATROL BOMBER 


sasic Test ARRANGEMENT 


The moving tail-pivot test arrangement has been used in drop- 
tests of the main landing gear of PV patrol bombers. These 
testis were conducted for both “level-landing” and “three-point 
landing” conditions to determine energy-absorption and load- 
factor data throughout a range of drop heights. 

As a matter of convenience, the tail-gear axle was chosen as 
the moving-pivot axis. The tail-gear strut was locked in a fully 
compressed position by steel straps attached to the torque-knee 
lugs. The tail wheel, less tire, was set on a steel track laid in the 
base of a horizontally slotted guide block, which was shimmed up 
from the floor to the height required to give the specified inclina- 
tion of shock-strut axes for each landing condition. The instal- 
lation is shown in Fig. 3. 

The weight of the test airplane, consisting primarily of basic 
structure less outer wing panels, constituted about 20 per cent of 
the normal gross weight just prior to the start of the test setup. 
At this time it was desired to add the required mass in such a 
manner that the proper static reactions were obtained and that 
the center of percussion of the entire test airplane was placed 
over the line of contact of both main-gear wheels. From basic 
weight data the weight, location of the center of gravity, and 
pitching radius of gyration about the center of gravity were cal- 
culated for the empty test airplane. Weight and center-of- 
gravity location were checked by actual weighing. 

As additional weights were placed in the airplane, a running 
tabulation of the weight-distribution parameters was made un- 
til, by successive approximations, the calculations indicated that 
the desired conditions had been satisfied. For overload condi- 
tions weights were added in equal increments both forward and 


* Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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PV-1 Main Lanpine Gear Drop-Trsr Serup 
(View shows dynamic ‘weighing’ platform, tire-deflection-measurement 


slide wires, and strain-gage installation on drag strut. Baled straw was 
used for protection of personnel and test airplane in event of tire or gear 
failure.) 


aft of the center of gravity at distances equal to the computed 
radius of gyration about the center of gravity for the normal- 


-gross-weight condition. In this manner the location of the cen- 
‘ter of percussion was held constant, and the increases in main- 
 agear static reactions were made proportional to the corresponding 
Niiioreases in gross weight of the test airplane. 

In the loading of the test airplane no particular effort was 
made to obtain exact correspondence of fuselage load distribution 
with the actual airplane weight distribution, although provisions 
for large items of fixed equipment or useful load greatly influ- 
_senced the operations. It was considered important, however, to 
‘reproduce power-plant weights and centers of gravity locations 
“inasmuch as each engine-mount support structure was closely 
“associated with the landing-gear supporting structure. As a mat- 
“ter of economy the wing outer panels were not installed, having 
been damaged in previously conducted static tests. However, 
it is considered that the over-all behavior of the landing gear and 

wing center section would have been somewhat more representa- 

tive had it been feasible to effect a normal distribution of wing 

weight. Moreover, it would undoubtedly have been more ra- 

tional from the standpoint of wing torsional moments to have re- 

duced “power-plant” dead weight by the ratio of the distance 

from the instantaneous center of rotation to the instantaneous 
~ center of percussion and the distance from the instantaneous cen- 
" ter of rotation to the power-plant center of gravity. Yet in all 
probability such a reduction would have involved overloading 
the fuselage forebody in the three-point-landing condition be- 
cause of the necessity of having enough weight forward to locate 
the instantaneous center of percussion properly. 


Drop-Txust INSTRUMENTATION 


Several months prior to the start of the tests it was recognized 
_ thata considerable amount of data would need to be taken in as 
~ short a period of time as possible because of the pressure of other 
testing schedules. Accordingly, special instrumentation was 
devised to permit rapid recording and reduction of the data. 

In the PV-1 tests simultaneous and continuous recording was 
made of the following quantities as a function of time: 


1 Load on bottom of tire. 

2 Tire deflection. 

3 Shock-strut piston travel. 

4 Airplane travel from the instant of release. 


These measurements were made concurrently on both left-hand 
and right-hand gear. In addition, the following quantities were 
recorded on one side only: 


5 Landing-gear drag-strut load. 
6 Longitudinal deflection of the lower end of the shock-strut 
outer cylinder relative to the plane of the wing main beam. 


In tests of the PV-2 facilities were available for measurements 
of side-strut and drag-strut axial loads on both sides, as well as 
tail-pivot loads. 

All “load” measurements were made by means of SR-4 strain 
gages installed on structural members and incorporated in 1000 
cycle-per-sec alternating-current bridge circuits, the output volt- 
ages of which were amplified, rectified, and impressed on the 
galvanometer elements in a recording oscillograph. Tire and 
strut deflections, as well as airplane travel, were recorded in a 
basically similar manner through the use of specially constructed 
slide-wire potentiometers. The outer-cylinder deflections were 
detected by a bending-beam-type of strain-gage pickup. 

The measurement of axial loads in tubular struts posed no new 
problems, since the techniques of dynamic strain measurement 
and associated calibrations to obtain corresponding loads are 
fairly well established. However, the determination of dynamic 
loads on the shock strut required a somewhat different approach, 
inasmuch as there were no locations on the gear itself where an- 
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ticipated strains sufficiently large for accurate measurement could 
be considered as absolutely indicative of load on the member. 
Accordingly, it was decided to drop the wheels on platforms, each 
of which was supported by three tubular pedestals to which 
strain gages were attached. By virtue of identical load-strain 
sensitivities of the pedestals and of the manner of incorporating 
the gages in the bridge circuit, the load indication of each plat- 
form was made independent of the load center relative to the 
three supports and also of any local pedestal bending strains that 
might be developed from horizontal-load components. 

A typical oscillogram is shown in Fig. 5. It is to be noted that 
traces labeled “inboard” and “outboard” deflections of each tire 
appear. It was found necessary to use two slide-wire potenti- 
ometers on each wheel because of cumulative rotation due to 
bending of wing center section, shock strut, and axle. Thus a 
means of knowing true deflections at the tire center line was af- 
forded, as well as the magnitude of the rotation. Each oscillo- 
gram trace has its own calibration factor in terms of its physical 
counterpart, the calibration bemg facilitated by the static con- 
ditions prior to release of the airplane and immediately after the 
airplane came to rest. 


Trst-Data INTERPRETATION 


In the interpretation of the oscillograms it was necessary to 
correct the platform-load indications for the effects of semi- 
sprung mass of wheel and axle, in order to obtain magnitudes of 
load experienced by the shock-strut outer cylinder and support- 
ing structure. In general, the peak loads on the tire occurred at 
a time when the shock-strut stroke-time trace indicated very 
little differential acceleration of sprung and semisprung airplane 
masses. Accordingly, the peak loads on the outer cylinder were 
obtainable quite accurately merely by taking the appropriate 
fraction of the platform-load indication. As a matter of con- 
venience, this same fraction was usually applied to all values of 
platform load in the process of constructing load-stroke and load- 
mass travel graphs from the oscillograms. Inasmuch as the 
semisprung gear weight amounted to only a few per cent of the 
static platform reaction, the error involved was usually of no 
practical consequence. 

The recording of dynamic loads and deflections on both main 
gears made possible a determination of over-all energy relation- 
ships. By comparing the potential energy of the airplane prior 
to release with the energy absorbed in both main-strut and tire 
units up to the time of minimum center-of-gravity height, an 
estimate of the minimum amount of energy absorbed by the air- 
frame could be made. The term “minimum” is used, since the 
nominal center-of-gravity travel was used in computations, with- 
out regard to the incremental energy accruing from structural 
deformation. 

In the earlier series of tests, analysis of the oscillograms showed 
that peak drag-strut loads were considerably greater than were 
anticipated. This condition was true for both three-point-land- 
ing and level-landing tests. Two readily apparent reasons for 
the differences were (a) that the peak load on the gear was devel- 
oped earlier in the stroke than had been the case in previously 
conducted jig drop tests and (b) that the effects of structural 
deformation had not been included in the preliminary stress 
analysis. However, even with allowances for these factors, the 
drag-strut loads appeared to be too large. Qualitatively, the 
residual discrepancy was attributed to nonverticality of impact 
load due to inertial or frictional effects. 

The PY-2 test instrumentation permitted an indirect evalua- 
tion of the degree of main-gear load eccentricity relative to the 
center of percussion. With the airplane ina “tail-high” attitude 
intended to simulate “level landing with inclined reactions,”’ the 
line of action of the hoisting gear very nearly intersected the line 
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(1 and 19, sixty-cycle timing waves; 2 and 18, reference line; 3, left drag-strut load; 4, 
7, left-platform load; 8, right-platform load; 9, tail-gear load; 10, left-wing travel; 
13, left strut stroke; 14, right strut stroke; 15, right tire, inboard deflection; 


of contact of main-landing-gear tires. Hence if the airplane be- 
haved as a rigid body, and if the impact force acted vertically 
through the center of percussion, no change should have been ex- 
pected in the tail-gear static reaction other than that occasioned 
by a slight change in airplane attitude.* Actually, a rather sig- 
nificant change in tail-gear reaction occurred, as can be seen by 
reference to the oscillograph trace in Fig. 5. Statically, prior to 
release, the bottom track of the horizontal guide applied an up- 
ward force on the tail wheel. Shortly after the instant of initial 
main-gear impact this force diminished to zero, remaining at zero 
for an instant while the tail wheel traveled freely about 1/16 in. 
before encountering the restraint of the upper guide. The peak 
downward load on the tail gear was attained shortly after the 
peak loads had been reached on the main gear. This behavior 
was typical for this series of tests, the magnitude of dynamic tail 
load increasing with main-gear drop height, and the time of maxi- 
mum occurring at or shortly after maxima on the main gear. 
The persistence of tail-load oscillations after the main landing 
event was also characteristic. 

An obvious deduction to be made from the tail-pivot loading is 
that substantial drag forces were developed as the semisprung 
gear elements moved forward due to compression of the inclined 
shock struts. Thus the diving moment induced by these drag 
forces was balanced by a downward dynamic load on the tail 
pivot. The validity of this conclusion is strengthened by the 
fact that the recorded peak loads on the landing-gear drag struts 
are in good agreement with values calculated by means of the 
instantaneous attitude of the airplane, the measured vertical 
loads on the gear, and values of drag load required to balance the 
simultaneous tail-pivot load. The data indicate that at the in- 
stant of peak vertical load the unwanted drag load may have 
been larger than 12 per cent of the vertical load. Thus the di- 


2 Reference to Equation [9], et seq. 


right drag-strut load; 5, left side-strut load; 6, right side-strut load; ~ 
11, left tire, outboard deflection; 12, left tire, inboard deflection; 
16, right tire, outboard deflection; 17, right-wing travel.) 


rection of impact load relative to the shock-strut axis was con- , 
siderably more severe than that prescribed by the design condi- 
tion. 

Drop-tests for simulation of ‘three-point landing with vertical 
reactions” produced effects in the opposite direction, that is, the 
aft acceleration of wheel-and-tire masses demanded by the com- 
pression of the shock struts led to the development of peak result- 
ant loads acting somewhat forward of vertically upward. Again, 
the net effects on the gear and its supporting structure were more 
severe than were intended, 


CoNCLUSIONS 


The author feels that there are two definite conclusions to be 
drawn from the experiences accumulated both during the drop- 
test programs discussed. herein and during more recently com- 
pleted rotational-jig drop tests employing the same principles: 

1 Drag-load errors arising from wheel inertia or from friction 
between tires and impact surfaces are not necessarily negligible 
in any type of drop-testing, whether simulation of the proper 
drag component is sought either by inclining the shock-strut axis 
or by inclining the contact surface. It is significant that, in 
general, the former expedient produces effects in a direction to 
aggravate loads in the drag-resisting structure, whereas the latter 
tends to alleviate them, resulting in an unconservative test un- 
less deliberate compensation is afforded. While the control of — 
these factors may be unduly costly, the measurement of their ef- 
fects on the airplane structure appear to be justified as a standard 
procedure. The degree of refinement to be attained in instru- 
mentation and in adjustment of test setup parameters is indi- 
cated by an over-all view of the problem. Drop-testing to simu- 
late a particular “instantaneous” design condition is one thing; 
drop-testing to simulate actual critical landing conditions is quite 
another. 


2 The “free-rotational” drop-test method described herein is 
believed to be an improvement over previously used rotational 
| test methods. Moreover, from the standpoints of safety, accur- 

acy, and ease of airplane control, it appears to offer advantages 
~~ over translational airplane drop-testing in cases where simula- 
j tion of dynamic landing loads on the entire airplane structure is 
__ not intended. 
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| Some Suggested Specifications for Thermal 
| Ice-Prevention System for Aircraft 


By L. A. RODERT,! INDIANAPOLIS, IND. 


The general conclusions from research and development 
| of the airplane thermal ice-prevention system are given 
| and additional comments in discussion of present knowl- 
| edge are made. Details of design are discussed whereby 
some faults of early applications of the thermal system 
_ may be avoided. Specifications for the thermal system are 
given as an aid to operators and others desiring to provide 
the most effective protection against the formation of 
ice on airplanes to be designed for commercial or military 
use. 


INTRODUCTION 


HE need for closer adherence to scheduled operations be- 
lies increasingly urgent as the military and commercial 

use of the airplane is extended. Attention therefore is 
being given to the improvement of equipment and operational 
methods which will enable the airplane operator to achieve the 
regularity which is necessary to meet the demands of the public 
and competition. 

The airplane is handicapped during inclement weather by 
obstructions to visibility and the formation of ice. The mainte- 
nance of schedules also is affected at some terminals by congestion 
of air traffic. While visibility and traffic problems may be solved 
by signal devices and operating procedures, the ice problem re- 
quires an intimate consideration of the airplane. 

Research and development activities in many countries have 
been directed in search of a solution to the ice problem. These 
activities have, in general, concluded that the problem can be 
solved by the use of heat. Although it is fortunate that an answer 
has been found, heat is not entirely a fortunate solution because 
the internal parts of the airplane are adversely affected and com- 
plicated by its application. Engineering skills which can cope 
with the problems of flight and the internal mechanism therefore 
have to be directed to the task of applying the thermal system. 

The locale, intensity, and distribution of heat and the mechani- 
cal, electrical, and aerodynamical details must be considered 
when the airplane ice-prevention specifications are prepared. The 
reports of the researchers have been limited in many instances to 
a discussion of the practicability and thermal requirements of the 
system, and rightly so, since these were the objectives. During 
the conduct of the tests, which involved the operation of several 
airplanes in natural icing conditions, practical design and opera- 
tional information was also obtained. In the present paper, the 
practical considerations of design will be considered on a more 
equal plane with the theoretical objectives of the researches. It 
is hoped that this treatment of the knowledge will be helpful 
during the interim between the present and the later date when 
the manufacturers and operators will have had adequate experi- 
ence with applied aircraft to establish the needed empiricisms. 


1 Research Engineer, Stewart-Warner Corporation, South Wind 
Division; Chairman, N.A.C.A. Subcommittee on De-Icing Problems. 
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Ick-PREVENTION Data 


After the preliminary exploration in the United States and 
Germany, from which the practicability of the thermal system of 
ice prevention was established, many projects were undertaken 
in order to test the application to various parts of the airplane and 
to determine the intensity, distribution, and extent to which 
heating must*be applied in order that ice might be alleviated. 
In this country, the application to all vulnerable parts of the air- 
craft has been recommended (1, 2, 3, 4, 5, 6, 7);? in Canada, the 
National Research Council has advanced and endorsed the use of 
heat on the propeller; and in Germany, the thermal system has 
been applied to lifting surfaces and windshields (8, 9). British 
researchers, collaborating with and actively participating in the 
work in this country (due to the difficulties imposed by hostilities 
over the British Isles), have also approved the thermal system 
as superior to other methods for all vulnerable parts of the air- 
plane. These results all pertain to aircraft of conventional con- 
figuration, size, power loading, and power-plant installation. 

Aerodynamic Lifting Surfaces. When heat is delivered to the 
leading edge 10 per cent region in sufficient quantity to raise the 
average leading-edge skin temperature 100 deg F above the ambi- 
ent air temperature, while flying in dry air at 18,000 ft pressure 
altitude and at 60 per cent rated engine power, adequate heat is 
provided to prevent or remove ice formations from wings and 
empennage surfaces, This conclusion has been reached from tests 
with full-scale aircraft in flight in natural icing conditions. Con- 
clusions based upon the data are considered to be applicable to 
conventional airfoils of from 4 to 20 ft chord whose pressure dis- 
tribution is similar to that of the N.A.C.A. 230 airfoil series and 
whose thickness is from 6 to 18 per cent of the chord. The sur- 
faces of the wings were normally clean but not aerodynamically 
smooth. The condition of the surfaces was more likely to be 
hydrophilic than the hydrophobic. The data were established 
from flights in several aircraft over a period of 5 years’ time, over 
a wide geographical area, in various types of meteorological con- 
ditions, and with different observers (1, 2, 3, 5). Encounters 
with what may be called severe icing conditions have been 
successfully experienced. 

The chordwise heating intensity over the leading edge 10 per 
cent chord region gave a temperature rise which was uniform 
within about 15 deg F in one airplane which had satisfactory pro- 
tection in all conditions. 

Ice does not form in the vicinity of the controls or control 
hinges unless, by peculiar rigging, a part of the control surface is 
made to protrude beyond the normal boundary layer of air which 
passes over the wing. Hinges, balances, or other protuberances 
which may occur from faulty manufacturing techniques will col- 
lect ice when the leading edge is heated sufficiently to keep ice off 
from the stationary part of the airfoil. When ice is allowed to re- 
freeze on the regions rearward from the leading edge by reducing 
the heat below specified values, the formations have always oc- 
curred forward of the control-hinge regions. 

Flight in clouds containing unusually large quantities of water 
at air temperatures below 32 F caused the wing leading edge to be 


2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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substantially wetted back to the 5 to 7 per cent chord point on 
the upper surface. Observations were not made directly on the 
lower surface, however, the wetted area is thought to be about the 
same as on the upper side. The area rearward from the 5 to 7 per 
cent chord region has been observed to be only partially wetted. 
No ice formed on areas rearward from about the chord point of 
maximum ordinate on wings of large chord, and, from this ob- 
servation, it is concluded that no water is in contact with the 
skin in this region since the temperature of the skin was below the 
freezing point of water. This conclusion is not thought to be 
valid for airfoils of 4 ft chord or less. 

In flights through cumulo-nimbus clouds of major development, 
large quantities of water in the form of snow, sleet, and rain, 
held aloft by strong up-currents have been encountered which 
caused the deposit of a slushlike formation along the stagnation- 
pressure region for short periods of time. These formations were 
as much as 2 in. wide and !/, in. thick in some cases of extreme 
severity. 

The delivery of heat to the aerodynamic lifting surfaces has 
been accomplished by the following means: 


1 Exhaust tube within the wing leading edge (1). 

2 Circulation of heated air within the leading edge and dis- 
charged from the airfoil interior in the vicinity of the trailing 
edge or control-surface hinge line (5). 

3 Circulation of heated air within the leading edge and dis- 
charged from the airfoil interior into the boundary air near but 
to the rear of the transition point on the low-pressure side, high- 
pressure side, or both (2, 3). 


The exhaust tube within the wing was discarded in favor of the 
air-circulating systems because the latter has been found to be 
more easily constructed and maintained and to be more readily 
employed on most airplanes. 

Attempts to deliver heat to the wing leading edge by the span- 
wise flow of heated air along the wing leading edge have not 
been successful. All successful leading-edge designs have been 
adaptations of the Junkers leading heat-intercooler design (8) 
which employs a spanwise plenum, chordwise flow for heat ex- 
change, and either a chordwise or spanwise flow for the outgoing 
air. 

The wing-heating systems have been made without serious 
deleterious effects on the strength, construction, weight, or main- 
tenance of the aerodynamic surfaces. 

Windshield. The vision of the pilot and copilot of airplanes 
at speeds under 200 mph, indicated, has been maintained during 
flights in icing conditions by the transmission of about 1000 Btu 
per sq ft per hr through the outer surface of the windshield glass 
(2, 4). The prevention of ice on the windshield has also been ac- 
complished on one airplane by the passage of a layer of heated air 
over the exterior from a slot at the forward edge (5). About 10,- 
000 Btu per sq ft per hr was employed in the externally discharged 
air-heating system. However, the mechanical design was ‘in- 
ferior, and it is believed that less heat would be required in a 
better arrangement. 

Greater amounts of heat than that just indicated have resulted 
in excessive warmth in the pilot’s cabin particularly in airplanes 
in which the pilot’s face is near to the windshield. Heating the 
windshield to a limited degree increases the resistance of the glass 
to the impact of bird strikes according to tests conducted by the 
Civil Aeronautics Authority. Heating the windshield to a tem- 
perature above 140 F seriously weakens the glass and has a dele- 
terious optical effect upon the plastic binder of safety glass. 

Heat has been transmitted in the necessary quantities by the 
following: 

1 Circulation of heated air between the panels of a double- 
glazed windshield. 
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2 Electric power through the use of embedded heating wires 
in the glass. s 

3 Circulation of heated air over the exterior surface. 

4 Electric power through the use of external heating wires. 

5 Hlectric power through the use of transparent conducting 
surfaces. 


It is very important to remember that vision through the wind- 
shield is the important objective in windshield ice prevention. 

The solution to this very important part of the ice problem 
must consider ice prevention on the outside, frost removal on the 
inside, resistance of the panel to the impact of flying birds, and 
the other more obvious construction and service requirements. 
Hope has long been held that a transparent and durable electrical 
conducting film for the coating of glass could be discovered 
whereby the windshield panels could be heated with electric 
power. Such a product has been discovered and developed by 
the engineers of the Pittsburgh Plate Glass Company. This 
discovery, which has been given the name of ‘‘Nesa,’’ promises 
to solve the windshield icing problem in an optimum manner for 
all the factors involved wherever electric power is available in 
the required quantities. 

The improvement of the optical qualities of the doubly glazed 
windshield has been attempted by the treatment of the glass sur- 
faces for the reduction of the surface reflectivity. Coating the 
glass surfaces with magnesium fluoride by the evaporative process 
was not successful in one attempt. The use of the doubly glazed 
windshield has several disadvantages. Tests have shown the in- 
creased reflectivity of the greater number of surfaces to be det- 
rimental to the pilot’s vision, particularly at night in the landing 
maneuver. Water precipitates form on the inner side of the 
outer glass occasionally on some installations during taxi and 
take-off runs due to the circulation of high-humidity air past the 
cold outer panel. The fogging clears soon after the ducts are 
cleared of the moist air and the temperature of the air rises. The 
collection of foreign particles on the interior surfaces of the glass 
necessitates frequent clearing in dusty regions. 

Propeller Blades. Ice can be removed or prevented from form- 
ing on propeller blades by the provision of heat to the blade lead- 
ing-edge region or to’the entire blade section. The application of 
the thermal system to the propeller blade has been accomplished 
by the use of electric power and by passing heated air through 
the interior of blades having an open passage from root to 
tip. The minimum quantity of heat required for a propeller 
blade has not been reliably established; however, sufficient data 
have been obtained whereby practical and reliable propeller 
protection can be achieved for blades currently in use. The re- 
sults indicate that blades for a 12-ft-diam propeller will require 
from 1000 to 1200 watts of electric power per blade when turning 
at about 1100 rpm propeller speed and flying at about 180 mph 
indicated airplane speed (6). Other results indicate that blades 
of a 15-ft-diam propeller-under about the same operating con- 
ditions require from 1000 to 1500 watts of electric power per - 
blade (10). 

Flight tests in natural and simulated icing conditions by inde- 
pendent researchers have shown that the thermal system for pro- 
pellers may be operated intermittently with satisfactory protec- 
tion for the propeller and with a great saving in electric power. 
When operated intermittently, the power is applied to a propeller 
for a short time during which the ice is removed and then the heat- 
ing is interrupted. During the interruption, heating is applied to 
another propeller on which a small amount of ice has been per- 
mitted to form. Intermittent operation is thought to require a 
slight increase in blade heating in order to minimize the time re- 
quired for ice removal and reduce the size of ice particles thrown ~ 
off. 


, 
- observed to be of sufficient size and shape to reduce the perform- 
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’ The electric heating of propeller blades has been accomplished 
»y neoprene blade shoes in which an electric resistance of either 
sonducting rubber or wire was constructed. The blade shoes have 
“9een about 60 inches long in some successful installations. Some 
‘plade shoes have given several hundred hours’ service in varied 
|zonditions without excessive abrasion while others were severely 
‘damaged by one flight in snow and heavy rain. 
| The shoes were applied to the blade by adhesives. The attach- 
‘mment changed the contour of the blade profiles from 0.050 to 0.065 
‘in. at the leading edge and about 0.010 in. at the 20 per cent chord 
‘point. The blade shoes covered about 25 per cent of the blade 
|sehord on the camber face'and slightly less than 20 per cent on the 
‘thrust face on one installation which gave favorable results. The 
heating intensity of the electrically heated shoes was twice as 
"great over the leading-edge part of the shoe as over the areas im- 
‘mediately to the rear of the leading edge on camber and thrust 
faces (6). : 

Power has been successfully supplied to the electrically heated 
blades by propeller-hub-type alternating-cuttent generators and 
through slip ring and brushes from an electric power source, such 

as the regularly installed generator. 

Air for use in the air-heated hollow steel propellers was sup- 
plied from heat exchangers in one successful demonstration of the 

“system. The energy employed in the propeller air-heated system 
_ was excessive and all ice was not prevented in every test, although 
“it should be noted that by baffling the blade interior the heat 
~ would have been better employed and better protection would 
_ have been provided. } 
_ Miscellaneous Parts. Although the results of tests on wings, 
_ windshield, and propellers are indicative of how ice may be pre- 
~ vented on other vulnerable parts of the airplane, direct solutions 
to the miscellaneous problems have not been established. Indi- 
~ vidually, the collection of ice at points on the airplane other than 
~ on the wings, windshield, or propeller may not seriously affect the 
operation of the craft. Collectively, however, the miscellaneous 
- problems, unless solved in part, may so handicap the airplane 
- that the advantages of the improved protection to the wings, etc., 
j will not reward the operator with the improvement in reliability 
which would otherwise be achieved. 
- The formation of ice on exposed frontal parts of the airplane 
such as the fuselage, engine cowls, and propeller spinner has been 


ance slightly, create a hazard when the formations become dis- 
lodged and fly rearward, and in the case of the cowls create an 


i interference with the propeller blades which might interfere with 


blade-angle movement in an extreme case. 

The formation of ice on radio antenna wires has broken the 
wires on most airplanes which have been operated in severe icing 
conditions unless steel cables were used in place of the copper wire 
which is customarily employed. Ice formations on radio antenna 
insulators have caused a reduction in the distance over which ra- 
dio signals could be transmitted. 

The formation of ice on the mast to which the static-pressure 
orifice for the airspeed and altimeter system is mounted causes an 
error in the meter readings and increases the drag of the airplane. 
In extreme cases the masts have been broken away from the air- 
plane fuselage. 

The formation of ice inside and on the edge of inlets to air ducts 
will reduce the inlet area and increase the air-pressure losses in 
the duct. Turning vanes in air scoops will collect ice and cease 
to be an advantage to the circulation of air. When ice dislodges 
fromthe opening and passes into the duct, due to flight into warmer 
air temperatures, the formations have seriously stopped the flow 
of air into a duct for a period until the ice has completely melted. 

The formation of ice on exposed moving mechanisms has ren- 
dered such equipment inoperative. The exposed cable and pulley 
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wheel or similar devices on propeller governors which are mounted 
on the front face of the engine, and the alternate air-intake door 
and operating arms for carburetor air intakes are examples of 
equipment which has been affected by ice formations. Slight 
accretions have been observed on control-surface hinges and bal- 
ance weights but not of sufficient size to cause interference since 
these parts are ordinarily shielded by the forward part of the 
aerodynamic surface. 

Engine Air-Induction System. The established practices of 
heating the engine air in this country and of heating the parts of 
the carburetor and induction system walls in the United Kingdom 
will prevent and remove the formations of ice in the engine air- 
induction system (7). Most airplane service installations of the 
air-heating system are unsatisfactory because of high maintenance 
requirements and the’ use of unsatisfactory mechanical arrange- 
ments for adjusting the carburetor air temperature. The air- 
temperature rise which is required for the removal or prevention 
of ice in the induction system is known by most airline and mili- 
tary operators and will not be discussed here. 


EQuiPMENT 


The application of the thermal ice-prevention system has neces- 
sitated the invention and development of new and unique mecha- 
nisms. The success of the detail design of the system is depend- 
ent upon the judicious choice and use of these devices. In the 
conduct of full-scale research, some experience was gained on 
some of the mechanical, thermal, and electrical equipment which 
must be used to implement the thermal system. These data are 
not a substitute for long service experience but may be helpful in 
the current phase of the development. ¥ 

Sources of Heat. Heated air has been provided for wings, em- 
pennage, windshield, and propeller by exhaust gas-to-air heat ex- 
changers in service and experimental airplanes, and by combus- 
tion heaters in experimental airplanes in this country. In Ger- 
many, the heat exchanger, combustion heater, and a mixture of 
exhaust gas and air have been employed as heat sources. Ade- 
quate heat capacity can be achieved with any of these types of 
heat source although several airplane systems have been designed 
which failed to meet the design requirements in this regard. Heat 
exchangers have been employed in service in large numbers which 
have given no cause for maintenance after thousands of hours 
flight time. Other heat exchangers have not given satisfactory 
service and have been replaced. Combustion heaters have been 


-employed in service in sufficient volume and for a long enough 


time (for cabin-heating purpose) to indicate that this type of 
source can be made satisfactory. Minor service complaints have 
been experienced but none has been found which involves un- 
solvable problems. 

Installations of the exhaust-gas exchanger have been made 
which provide adequate heating under all necessary operating 
conditions (11). Whereas the use of the combustion heater obvi- 
ously involves an economic loss due to the use of gasoline for 
heat, the continuous passage of air and exhaust gas through the 
heat exchanger also involves a power loss which must be com- 
pensated for in increased power of the engines in order to main- 
tain unaltered climb and speed performance (12). 

Electric power has been provided by propeller-hub-type al- 
ternating-current generators for propeller ice prevention and the 
airplane’s electric system. Service difficulties have been experi- 
enced in the use of the hub generators; however, the problems do 
not appear beyond solution. 


Atr-DISTRIBUTION SYSTEM 


The distribution of air from the heat sources to the heated 
areas has been accomplished with aluminum, aluminum strength 
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alloys, mild steel, stainless steel, and glass-fabric tubes. The dif- 
ficulties experienced with the duct systems were as follows: 


1 Excessive air-pressure loss due to small size ducts, circuitous 
paths, internal protuberances, collapsed fabric flexible connectors, 
sharp corners, and improperly located or shaped guide vanes. 

2 Excessive maintenance due to use of soft metals which were 
easily dented, use of thin metal which fluttered and failed in fa- 
tigue, duct connections which made repair of any part very dif- 
ficult, use of insulation materials which deteriorated under vibra- 
tion and wear, and control valves which failed elastically or in 
fatigue due to the use of small metal gages. 

3 Off-gassing of pungent volatile materials when hot. 

4 Creation of a fire hazard by the absorption of inflammable 
liquids in duct-insulating materials. 

5 Air losses at duct joints and seams. 


Controls. An electric control consisting of motor-actuated air 
valves, overheat turn-off switches, off-on signal lamps, on-off 
switches and a signal test circuit has been found satisfactory in 
one experimental system which employed heat exchangers (5). 
So-called safety devices and alarms failed more frequently than 
did the equipment against which failure the safety device was to 
provide. 

Instrumentation. The definition of the properties of a thermal 
ice-prevention system has been accomplished with great diffi- 
culty. The use of the very elaborate and expensive measuring 
equipment and testing methods has not altered this situation (5). 
The measurement of pressures is handicapped by the turbulent 
condition usually existing in the duct system. The measurement 
of psessures is difficult because the instrument usually altered the 
condition being measured. With care, air flow rates can be 
measured to within plus or minus 10 per cent. Attempts to 
invent and develop ice-rate indicators have not resulted in 
success. 

Temperatures can be measured with accuracies as given in 
Table 1. 


TABLE 1 PROBABLE ACCURACY OF TEMPERATURE 
MEASUREMENT IN FLIGHT 
Range, Accuracy, 

Item deg F deg F 

Metal structure......2.0c028+eeeesseeee 0 to 300 +8 
Metalistructures ss. ee et em «eens sina 300 and above +20 
Gils sa na pp ooo on Uce sass ooo anaes —20 to +40 14 
ABT ant Goce TOA daw Font On poe ote ss hh 0 to 300 +10 
Leading-edge skin......--.. +s eseeeeeeee to 20 +10 
Engine exhaust gas......00- +s eee eeeeee 1000 to 1800 +25 


2 With greatest care and with correction for kinetic effect on a wetted 
thermometer bulb in a moying stream. 


The stresses induced in a heated wing have been measured in 
tests from which apparently reliable results were obtained. The 
accuracy of this work is stated to be +400 psi for the stress-change 
data involved in the heated wing (13). 

The measurement of the temperature of the ambient air has 
been studied with care for the case of the thermometer bulb being 
located in a moist moving stream (14). 


METEOROLOGY 


The measurement of the meteorological factors, i.e., water con- 
tent, droplet size, and air temperature, has been undertaken by 
several capable engineers and the work continues, but the results 
thus far have not been encouraging. The best information on 
water content now available is that measured at mountain top 
weather bureau stations and that resulting from analytic studies 
which are based upon fundamental concepts of the physics of the 
air. Limited flight data substantiate data collected by ground 
stations and from analytical studies. The data are more satis- 
factory for stratus-cloud structures than for frontal or vertical de- 
velopments. The great variations within clouds of vertical 
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development and frontal phenomena make the measurement 
in these conditions particularly difficult. 

The water content and droplet size in stratus clouds have been 
estimated to approach the values given in Table 2. 


TABLE 2 ESTIMATED PHYSICAL DATA ON WATER IN 


ATMOSPHERE 
Droplet size, Hy 
Air temperature, 1 Water content, 
deg F #\ jo00 ™™ © per cu m 
0 10 0.50 
5 13 0.55 
10 16 0.75 
15 19 1.15 
20 23 1.65 
25 26 2.30 
30 29 2.85 
32 30 3.00 


The values given in Table 2 are established by a faired line 
which has been drawn on a graphical presentation of weather- 
bureau data (15). ‘The faired curve was drawn so as to give values 
which in all cases exceeded the data thus far observed and there- 
fore is probably conservative. Our knowledge of the weather is 
obviously inadequate. 


OPERATIONAL FACTORS 


Flight tests have been made by various observers over the 
United States from the Pacific Coast to the Great Lakes region, 
and over Canada from the Lakes to the Atlantic Coast and be- 
yond. No variation in the nature of ice due to geography alone 
should be expected and none has been observed. Most severe and 
frequent icing conditions have been observed where a combination 
of large water content and subfreezing temperatures are encoun- 
tered. The movement of Pacific air masses over the mountains 
along the Pacifie Coast and the movement of frontal disturbances 
from the central mid-continent in an easterly and northerly direc- 
tion cause severe icing conditions. Air mass or local weather does 
not usually produce dangerous icing conditions except over termi- 
nals where traffic is held aloft for long periods at fixed altitudes. 

As. has been reported by many investigators, formations can 
occur at air temperatures from 32 F to as low as —40 F or lower. 
Flight tests have been made in which icing has been encountered 
up to 18,000 ft pressure altitude. Reports have been recorded 
from flight operations over the North Atlantic of icing conditions 
which extend to about 27,000 ft pressure altitude. Icing at alti- 
tudes above 20,000 ft is found only in clouds of vertical develop- 
ment and therefore occurs over limited areas or along narrow 
lines. 

Changing the velocity of an airplane will affect the formations 
of ice in accordance with the kinetic equation (14). Present trans- 
port aircraft do not fly sufficiently fast to prevent ice on the wing 
except at air temperatures near 32 F. The velocity of the outer 
blade radius sections of the propeller, however, is heated by the 
kinetic effect to a degree which will prevent the formation of ice 
under most conditions. In order to take advantage of the velo- 
city effect in the design of propeller ice-prevention equipment, the 
is necessary to consider the thermal conductivity and other fac- 
tors involved in the blade-heating problem (16). ) 

The tests in icing conditions have involved sustained flight fo 
over 2 hr in intermittent, moderate, and light icing conditions. 
Tests in severe conditions have been for short periods only because 
of the limited size of the regions in which such conditions have 
been found. Several experiences with severe conditions have 
been encountered for periods of about 20 min. 

The performance of a system cannot be judged by an observa- 
tion at any one instant because some ice accretions on the surface. 
of an airplane wing which is heated less than that required for 
complete prevention will accumulate and intermittently be blown 
away, the bond having been broken by heating which was not 
adequate for complete prevention. ; 
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Operations have been made in icing conditions during engine 
' warm-up, taxi, take-off, climb, cruise, let-down, landing, single 
| engine cruise, and single engine let-down with adequate protec- 
tion provided. Frost has been removed from the leading-edge 
regions of the wing and empennage in about 15 min. This opera- 
_ tion is usually accomplished in less time than that required for 
- the warming-up of the engines. 

_ The removal of ice from the wings, after accretions have been 
- allowed to form, sometimes is accomplished satisfactorily, other 
| } times with some refreezing on the rearward and unheated portions 
' of the wing. 

- The installation of the thermal system will result in a loss of 
* climb and speed performance at all times when air is passed 
- through a ram-actuated system. The internal and external losses 
will have almost a negligible effect on the performance of the air- 
plane if care is used in providing the utmost in aerodynamic clean- 
liness. A poorly designed installation, on the other hand, can 
eause a loss of as much as 6 mph in speed at 55 per cent power 
cruise. The use of alcohol blade shoes on propellers has not re- 
sulted ina measurable loss in performance, although it is reasona- 
ble to believe that a slight loss in propulsive efficiency has been 
experienced when the design blade section ordinates are changed 
to the extent necessary in the heater installation. The blade 
shoes could be expected to have a greater effect on new and well- 


_ designed propellers. 


The passage of heated air through a propeller and the dis- 
charge of air at the propeller tip cause a slight loss in propulsive 
efficiency. These losses will depend upon the shape, size, and 
location of the tip outlet, and the nature of the air passage. 

Service experience with the heated wing indicates that the 
construction involved complicates the problems of repair of the 
leading-edge region. When damaged by hail, rough ground 
handling, or bird strikes, the replacement of the double-skin 
regions is particularly difficult. Normal means of corrosion pre- 
vention, i.e., alclad and dichromate primers, have retarded corro- 
sion on three experimental airplanes after two years of operation. 
Metallurgical inspection of structural parts has not revealed any 
deterioration in the allowable strength, yield strength, elonga- 
tion, or cyrstalline structure. 


DISCUSSION AND SPECIFICATIONS 


The results of all tests and experience in this country and 
abroad indicate that the thermal system can be applied to most 
commercial and military airplanes in a manner which will retain 
normal operational efficiency and dependability during condi- 
tions of icing. 

In order for the thermal system to make a contribution in im- 
proved dependability, the airplane must be able to operate in 
icing clouds or freezing rain at any of the various operating con- 
ditions. It is not sufficient that the efficiency of ice prevention 
in the cruising altitude, for instance, be better than present equip- 
ment. An improvement in the protection during cruising would 
improve the safety, but unless the conditions of take-off, taxi, 
and landing are equally provided for, the operator will not be 
able to improve greatly his flight regularity. 

The engineer therefore must give care in making the thermal 
ice-prevention installation in order to assure that protection has 
been provided for all normal altitudes and conditions of flight. 
A thorough knowledge of applied operations is a necessity in 
meeting this requirement successfully. . 

The evolution in design will alter the application of the ther- 
mal system, but it will not change the natural truth of ice being 
melted by heat. The fundamental seems to have been estab- 
lished. 


3 With a twin-engine airplane. 
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Preliminary to the statement of detail specifications, an ex- 
pression (or at least understanding) of the general objectives 
should be formulated. The general specification should define 
the degree of perfection, and certain specializations which result 
from the use to which the airplane is to be put, the climate and 
region in which it will operate, the class of service, and the civil 
or military codes, compliance to which is mandatory. These 
general qualifications frequently are stated in part through other 
sections of the specification for an airplane but not in sufficiently 
complete detail to define the general requirements of the ice- 
prevention equipment. A specific statement on perfection is de- 
sirable because the results of tests and experience thus far ob- 
served show that the costs of perfect protection for an unlimited 
flight duration in the most severe conditions, and under condi- 
tions of a dual emergency (such as engine failure in addition to 
icing conditions), may penalize the usefulness of the aircraft to 
an impractical degree. Economically there is a limit to the per- 
fection of ice protection in somewhat the same manner that there 
is a limit to the load factor or power loading which can be pro- 
vided in an economically employed vehicle. 

In addition to a statement on the degree of protection desired, 
the following general specifications are recommended: 


0:1 The formation of ice on the airplane in any manner or 
location which shall reduce the operational efficiency, interfere 
with regularity of service, or reduce the safety of flight shall be 
prevented. 

0:2 The installation of the equipment shall result in the mini- 
mum increase in weight and maintenance, and minimum decrease 
in speed and climb performance. 

0:3 The safety, structural capacity, hazards from fire or 
gaseous poisoning of personnel, and versatility of the airplane 
shall not be adversely altered in any degree by the installation of 
the thermal system. 


Aerodynamic Lifting Surfaces. Complete protection for the 
wings, empennage, and control surfaces will preserve the lift, 
drag, and pressure distribution of the basic airfoil, protect the 
operation of mechanisms, maintain flow through leading-edge 
duct inlets, protect the illuminating qualities of lighting equip- 
ment mounted thereon, and prevent damage to or interference 
with other parts of the airplane due to ice on the wing or to ice 
which has become dislodged from the wing and flies rearward. 

The complete prevention of ice requires that the leading edge’ 
be maintained at a temperature above 32 F over all regions on 
which liquid water may reside. An ideal solution in the evalua- 
tion of the heat required might consist of determining how much 
water will strike the leading edge and over what area of an airfoil 
at the various water contents and droplet sizes given in Table 2. 
By assuming all or a specified portion of the water evaporated, 
the remainder to be abraded away by the airstream; by assuming 
a specified transition from laminar to turbulent flow as affected 
by the presence of water on the wing; by assuming the surface 
to be hydrophobic or hydrophilic, or to what degree of each; 
and by making other simplifying assumptions of aerodynamic 
nature, the required external heat-transfer coefficient, at various 
chord points may be approximated. These calculations should be 
done at several air temperatures and therefore at several water- 
content conditions as given in Table 2 in order to establish the 
condition of maximum heat requirement and the optimum distri- 
bution for all conditions. In order for this method to be com- 
pletely rigorous, the calculations should also be repeated for several 
combinations of wing and power loadings. This process does not 
seem practical because the data of Table 2 are not and have not 
been purported to be authoritative, nor have other weather data 
more authoritative been established. The process is of dubious 
accuracy because nothing is known about the relation of mass 
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transfer to abrasion losses or the distribution of this relation along 
the chord of the wing. 

A rigorous solution to the external heating requirements on an 
airfoil will not be possible in the design of the thermal ice-preven- 
tion equipment until the weather conditions, i.e., water-content 
and droplet size variations with air temperature, have been estab- 
lished and recognized by regulating agencies and until the phys- 
ical and thermal processes on the wing leading-edge exterior are 
better understood. 

The degree of protection given a wing will depend upon the in- 
tensity of heating, the extent, and distribution of the heat, the 
pressure distribution of the airfoil, surface smoothness and wet- 
ability, and other factors. The specification should allow free- 
dom in design which will permit the engineer to take advantage 
of all artifices and fortuitous circumstances. For example, in the 
propeller-wake region, it may be permissible and desirable to 
discharge the heated air from the leading-edge system into the 
boundary layer at about the 15 per cent chord point and thus 
greatly improve the thermal effectiveness of the system. 

The experience gained thus far with the thermal system has 
shown that airplanes equipped with exhaust-heat exchangers will 
have been provided with protection for the lifting surfaces if suffi- 
cient heat is delivered to the 10 per cent chord leading-edge area 
to produce 100 deg F skin temperature rise at 18,000 ft altitude, 
0 F ambient air, long-range cruise power, and in clean air. In 
the airplanes with which this experience was gained the heated 
air was passed through the after region of the wing after it had 
served its purpose in the leading-edge system. The effect of 
passing the air through the after section may not be large. It is 
obvious that some benefit will accrue, however, just as it is ob- 
vious that a greater heated chord coverage than 10 per cent will 
give a more efficient use of the heated air. 

Practical limitations of wing leading-edge construction require 
an internal exchange system similar to the Junker’s leading-edge 
intercooler design and therefore predicate within certain limits 
the type of distribution of heat which can be achieved with air or 
gas as the heating medium. While the distribution of heat 
may not be optimum as transmitted to the outer skin by the 
Junker’s intercooler design, neither is the distribution as ob- 
tained particularly wasteful of heat. By tapering the passage of 
the air gap, a nearly uniform outer-skin temperature can be ob- 
tained. The conductivity of the skin will even out peaks or val- 
leys which result from large or small transfers on the inner or 
outer surface at particular chord points. 

A specification for the aerodynamic lifting surfaces such as the 
following is recommended: 


1:1 A thermal system of ice protection shall be provided 
which shall preserve all of the aerodynamic, mechanical, and con- 
trol characteristics of the wings, horizontal stabilizer, fin, and 
all control surfaces. 

1:2 The degree of protection shall be equal to or better than 
that afforded by that quantity of heat which will raise the lead- 
ing-edge 10 per cent heated region average temperature 100 deg 
F above static ambient air temperature for the condition of 60 
per cent engine rated power at 18,000 ft pressure altitude and 
maximum load, less fuel required to climb to 18,000 {ft pressure 
altitude. 

1:3 All air-duct inlets, outlets, breathers, exposed mechanical 
devices, and illuminating fixtures on or in the surface shall be 
provided protection equivalent to that afforded the leading-edge 
areas as specified in 1:2. 

1:4 The intermittent operation of the thermal system as 
presently designed for the aerodynamic lifting surfaces shall not 
be allowed except during emergency let-down and landing opera- 
tions. 
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Windshield. The practical application of the heated wind- — 
shield has been extensive and therefore the preparation of speci- 
fications for this part of the ice prevention does not involve as 2 
many questionable issues as other parts with which service ex- 
perience is limited. The double-glazed windshield, which is | 
heated by the passage of heated air between the panels, has pro- | 
vided protection but is subject to many faults. Freedom in }) 
design is desirable therefore in order that new and better solu-_ a 
tions to the problem may be developed in service. The wording © } 
of the windshield specification should allow this freedom, Since } 
the air-heated system is the principal method now available, the k 
specification should also seek to stimulate the improvement of | 
this method by manufacturers who desire to continue its use. 
The external air film, infrared electric heating, electric conduct- — 
ing transparent film, and embedded resistance-wire electric heat- | 
ing all show promise and may replace the double-glazed arrange- — 
ments. ; 
Specifications for windshield ice prevention are recommended 
as follows: y 


2:1 Means shall be provided through the use of heat whereby 
the vision of the pilots through the cabin transparencies will not 
be reduced by the formation of ice, frost, or fog on inside or out- 
side, in any maneuver in flight or on the ground. 

2:11 The provision of adequate vision at all times must be 
achieved without the use of knock-out panels or the opening of 
windows. 

2:2 The heating of the pilot’s windshields shall not impair the 
comfort in the cabin of the airplane or cause irritation to the 
eyes, nose, or throats of personnel in the pilot’s cabin. 

2:3. The prevention of ice on the windshield should be accom- — 
plished without the resort to water repellents on the outer surface 
of the glass. 

2:4 The operation of the thermal ice-prevention equipment 
shall not reduce the protection which is afforded by the wind- 
shield to the cabin occupants against bird impacts and similar 
hazards. 

2:5 The construction of the heated windshield shall not seri- 
ously impede the cleaning of the windshield glass. 

2:6 The heating of the windshield shall not cause an optical 
distortion of the pilot’s view. 

2:7 The heating of the windshield shall not cause an accel- 
erated deterioration of the plastic binders of safety glass or of 
elastic or plastic frame seals of the panel in the airplane. 

2:8 The protection against ice on the windshield should be 
equal to or better than that which is afforded when 1000 Btu of 
heat per sq ft per hr is passed through the outer surface of the 
transparency at an indicated airspeed of 150 mph. 
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Propeller Blades. Although the quantity of heat required for 
the protection of the propeller blades has not been evaluated by 
analysis, experimental data have been collected whereby ade- 
quate specifications can -be prepared. As in the case of other 
equipment previously noted, freedom of design should be per- 9 
mitted because there are several ways in which the thermal sys- 
tem can be employed with apparently equal results. Ice on the 
blades of a constant-speed propeller reduces the efficiency of the 
propeller at all blade angles and also reduces the blade angle in 
accordance with the increase in drag of the blade section. Pro- 
tection of propellers therefore should be as nearly perfect as 
possible. ; 

The Army Air Forces Specification No. 29245, November 15, 
1945, may well serve as a guide in the detail specifications of the 
blade-heating equipment. The specifications as follows are also 
recommended: : 


3:1 Means shall be provided whereby the propeller blades 
shall be heated in a manner and to a degree which shall prevent 


‘the loss of propulsive efficiency or excessive propeller unbalance 
iby ice formations or damaging shedding of ice fragments at all 
operating, conditions in the air or on the ground. 
| 3:11 The prevention of ice on a propeller which is feathered 
| shall not be required. 
_ 3:2 The protection on the propeller blade should be equal to 
| or better than that which is afforded by the continuous dissipa- 
‘tion of 3.2 w per sq in. average over the leading-edge 20 per cent 
| chord region and 75 per cent of the span measured from the hub 
| -face, or by the intermittent dissipation of 3.5 w per sq in. over the 
) - same area. 
| 3:3. The construction of the blade-heating system shall pro- 
* vide for a heating intensity on the leading-edge one-third of the 
| heated area which is double that on the rear two-thirds. 
3:4 The propeller-blade heating installation or its operation 
| shall not cause a reduction of the normal propeller efficiency. 
3:5 The construction of electrically heated blade shoes shall 
allow for trimming of the tip end when this region has become 
abraded by wear. 
_ 3:6 The passage of heated air through a propeller blade shall 
not cause an apparent increase in the propeller noise level. 
| 3:7 The operation of the propeller ice-prevention system 
| during reverse pitch braking is not required. 


Miscellaneous Parts. Specifications for the provision of pro- 
| tection on regions and parts, the formation of ice on which does 
~ not create at once a direct hazard, are recommended as follows: 


4:1 The formation of ice on the front of the fuselage, engine 
| nacelles, propellers, spinners, or hubs shall be prevented if ice 
formations on these parts, individually or collectively, cause a 
significant reduction in the performance of the airplane, or if the 
_ formation causes danger to, or malfunctioning of, the affected 
part or any other part of the airplane. 

: 4:2 The formation of ice shall be prevented by thermal means 
on the fuselage, and other places not otherwise specified, from 
which dislodged ice formations may cause damage to other parts 
| _ of the airplane. 

4:3 Radio antennas and masts should be located so as to 
minimize the formation of ice thereon, and the strength of these 
parts should provide for carrying maximum ice formations with- 
out structural failure. 

4:4 Provision shall be made for the intermittent removal of 
ice from all protuberances, antenna wires, masts, and extending 
mechanisms when such formations reduce the specified perform- 
ance of the airplane or adversely alter the operational usefulness 
» of the airplane. 

Specifications for the protection of minor functional parts are 
recommended as follows: 


4:5 Provision shall be made for the prevention of ice forma- 
tions by thermal means on air speed total- and stati-pressure 
orifices, on the mast supporting such instruments, and on the sur- 
face of the airplane where flush-type static orifices are employed. 

4:6 Wherever possible, air-intake scoops should be designed 
so as to eliminate the vulnerability of the scoop to ice formations, 
otherwise provision shall be made for the prevention of ice by 
thermal means from air-inlet scoop and guide vanes within air 
Scoops. : 

4:7 Provision shall be made for shielding all exposed mecha- 
nisms not otherwise protected from the formation of ice, the for- 
mation on which would cause damage or malfunctioning to the 
mechanism. 


Engine Air-Induction System. The protection against ice in 
the engine air-induction system is considered to be of first impor- 
tance by pilots and operators. No other phase of the icing prob- 
lem can affect the performance and safety as suddenly and dan- 
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gerously as does ice in the carburetor and other induction parts. 
The provision of satisfactory protection has been handicapped 
because of the circuitous channels of procurement and divided or 
questioned responsibility. Protection for the induction system 
involves considerations of engine, carburetor, airplane design, and 
airplane operations. In the past, the engine and carburetor have 
frequently been designed without consideration of the ice prob- 
lem. In other instances, false claims have been made which 
have misled the pilots until authentic operating data were availa- 
ble. 

The only satisfactory solution to the induction icing problem 
is one in which no ice is allowed to form during all operating 
condition. The operation of the system should not adversely 


‘alter the performance of the airplane and should not limit the 


operation of the engine when ice is being prevented. Whereas 
these requirements are important in consideration of reciprocat- 
ing engines, they are even more important when turbine type 
engines are employed. 

Recommended specifications for the protection of the engine 
air-induction system are as follows: 

5:1 Provision shall be made for preventing the accumulation 
of ice in the engine air-induction system through the use of ther- 
mal means. 

5:11 The thermal system of ice prevention shall provide for 
the heating of the walls, exposed parts, and protuberances in the 
induction system,to, or above, the freezing temperature of water; 
or 

5:12 The thermal system of ice prevention shall provide for 
the heating of the engine air to a temperature above the freezing 
point of water at all points along the path of air flow. 

5:2 The use of the thermal system shall not limit the power 
rating or manifold pressure at which the engine may be operated 
when the system is in use. 

5:3 The use of the thermal system shall not reduce the power 
of the eingine (because of a reduced ram pressure in the engine 
manifold) to an extent which will reduce the operational effi- 
ciency of the airplane. 

5:4 The operation of the thermal system shall not require ad- 
justment by the pilot of the airplane nor shall any attention from 
the crew be required by the equipment while it is in use. 

5:41 Required thermal modulation, where not inherent in the 
system, shall be provided by automatic devices. 

Miscellaneous Mechanical Equipment. Good mechanical de- 
sign of aircraft is a production of good engineering administra- 
tion, a willingness on the part of the manufacturers to allow ade- 
quate time for design and tests of new developments, and an ac- 
curate statement by the operator who buys the airplane of the 
anticipated requirements. Some detail mechanical specifica- 
tions are desirable, however, several items of which follow: 

6:1 Asource of heat or power for each component of the ther- 
mal system shall be provided which will have adequate capacity 
for all normal and emergency operating conditions and for all 
meteorological conditions to be encountered. 

6:11 Operating conditions in which the thermal system shall 
be required to function are engine warm-up, taxiing, take-off, 
climb, climb with one engine inoperative, cruise at all loading and 
power conditions, cruise with one engine inoperative, 400 fpm 
let-down with 45 per cent or more engine power, 400 fpm let- 
down with one engine inoperative, and landing. 

6:2 Provision shall be made to protect the airplane structure 
and equipment, which will be in contact with the circulated heat- 
ing medium, against corrosion from active ingredients contained 
therein. 

6:3 Inso far as the output of the heating source is not inher- 
ently modulating, provision shall be made to limit the maximum 
temperature of the circulating medium to 350 F. 
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6:4 Provision shall be made, in systems employing exhaust 
gas-air heat exchanger or exhaust gas-air mixing equipment, to 
close the hot-air duct if a fire occurs in the engine nacelle. 

6:41 In event of fire in the engine nacelle, the hot-air duct 
shall be closed with a stainless-steel valve by automatic means, 

6:5 Provision shall be made for easy access to the equipment 
of the thermal system, for easy inspection, and for the repair of 
the wing and empennage leading edges, ducting, and valves by 
normal aircraft sheet-metal shop practices and without excessive 
cost. 

6:6 An indication of good duct design shall be when the pres- 
sure losses in the duct do not exceed those occuring in the heat 
exchanger, combustion heater, or wing leading-edge internal heat- 
transfer system. 

6:7 Provision shall be made to prevent the absorption of 
liquids such as hydraulic fluid or oil into the thermal insulation of 
hot-air ducts. 

6:8 Only such insulating materials may be employed on the 
ducts which are fireproof, contain no volatile oils, and which do 
not deteriorate when subject to aircraft vibration. 

6:9 Flexible fabric connectors may not be used in the air 
duct system. 

Acceptance Tests. The approval and acceptance tests of the 
equipment should be given careful consideration in the specifica- 
tions. Although the only permanent proof of acceptability will 
be satisfactory protection in ice over a long period of service, pre- 
liminary tests on one airplane can serve to show approximately 
the thermal qualities and therefore the ice protection to be 
afforded. It should be noted, however, that the only practical 
time to change the thermal ice-prevention system is when it is 
still on the drawing board. 

Recommended specifications for the acceptance tests and in- 
strumentation of the thermal system are as follows: 

7:1 The capacity of the thermal system to produce and dis- 
tribute the required quantities of heat to the protected compo- 
nents shall be demonstrated prior to flight tests and preferably 
prior to the assembly and fabrication of the components into the 
airplane. 

7:11 The capacity of the thermal system shall be determined 
from airflow rates and air-temperature measurements. 

7:12 The flow rate to each component of the thermal system 
shall be within 5 per cent of the designed flow rate when the rate 
through the air inlet is in accordance with the design value. 

7:13 The quantity of heat delivered to each component of the 
system shall be within 10 per cent of the design value. 

7:2 The capacity of the thermal system to modulate the air 
temperature within specified limits shall be demonstrated in 
accordance with the performance demonstration as specified in 
(eile 

7-3 The measurement of temperatures may be by thermo- 
couples and manual or automatic recording potentiometers. 

7:4 Installations employing exhaust-gas exchangers or gas- 
air mixing devices shall demonstrate that the back pressure on 
the engine is within allowable limits, that specified temperature 
modulation is achieved, and that the capacity of the heat source 
is adequate for all conditions as specified in 6:11. 

7:50 A demonstration of the control system shall be made 
prior to flight wherein all normal and emergency contingencies 
which may be encountered will be simulated. 

7:51 The control system shall cope with all operational con- 
tingencies with the safety of the airplane and personnel main- 
tained. 

7:60 The performance of the thermal system shall be demon- 
strated in flight in dry air and in stratus-type clouds. : 

7:61 Flight-performance tests shall demonstrate the norma 
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and emergency operation of all controls, burners, heaters, valves, 
safety devices, and equipment of the thermal system. 

7:62 Flight-performance tests shall demonstrate that the heat 
is properly distributed to the various components of the heated 
system. 

7-621 The demonstration of heat distribution shall be made 
in dry air, and stratus clouds at kinetic temperature above 32 F, 
and in cloud conditions as obtainable at kinetic temperatures be- 
tween 0 and 32 F. 

7:70 Provision shall be made and procedures outlined in 
printed form whereby all components of the thermal ice-preven- 
tion system may be observed in operation and inspected when the 
airplane is at rest on the ground. 

7:80 The thermal system should be equipped with a means of 
indicating in flight that heat is or is not being supplied to the 
wings, empennage, and propellers. The indicator shall be within 
the full view of the pilot’s, copilot’s, or flight engineer’s station. 


CoNCLUSION 


The use of the thermal ice-prevention system involves many 
aspects of heat transfer. The progress which has been made in 
establishing a solution to the problem has, in large part, been-due 
to the interest which has been given to the application of the 
thermal system by engineers who have given special study to this 
branch of engineering. 

The use of the thermal system, however, has not been different 
from most other engineering applications of heat in that the prob- 
lem involves many considerations which require a knowledge of 
other branches of engineering. In our present case, the aerody- 
namics of the wings, the propulsion of the propeller, the metal- 
lurgy of the structure materials, the economics of operational 
aeronautics, and many other branches of knowledge, which are 
important fields of specialization, must be considered. 

The specifications and comments enumerated above cannot be 
expected-to be complete in all detail. They do call attention, 
however, to many features of the thermal system that might 
otherwise not have been considered by engineers who have not had 
the opportunity to follow closely the research and development 
work on this problem. Giving to the design engineer in the fac- 
tory and the operations engineer in the air line the most complete 
statement of the experiences of the research work should enable 
us to obtain the best equipment, at the least cost, and in the 
shortest time. 
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The Escher Wyss-AK Closed-Cycle Turbine, 
Its Actual Development and Future 


Prospects 


By CURT KELLER,! ZURICH, SWITZERLAND 


This paper is the first comprehensive presentation in 
this country of details of the gas-turbine process employ- 
ing a closed cycle. In spite of grave handicaps entailed 
by the war, the development of this turbine proceeded 
from the first experimental installation in 1939, to the 
advanced designs which are now available for industrial 
application. 


INTRODUCTION 


NLIKE combustion turbines little has so far been re- 
ported in the United States about the gas-turbine proc- 
ess employing a closed cycle. The first plant of this 
kind was completed in Switzerland during the summer of 1939, 
just before the outbreak of war, namely, an experimental installa- 
tion of 2000-kw useful output, Fig. 1. The enforced seclusion 
of Switzerland during the last 6 years, and more especially the 
interruption of communications with America made it impossi- 
ble to discuss this new AK-plant, developed by the Escher Wyss 
Engineering Works in Zurich according to proposals made by 
Ackeret? and Keller. 

However, in spite of the many difficulties arising from the war, 
it nevertheless proved possible to try out the experimental plant 
until normal industrial operation was reached and to investigate 
fully all its components. 

About a year ago Prof. H. Quiby (the successor of Professor 
Stodola at the Swiss Federal Institute of Technology in Zurich) 
earried out exhaustive official performance trials on the new 
plant. A report (8)? on these trials was published in June, 1945. 
These official trials represent the termination of the first phase 
of internal scientific development, and the results obtained have 
justified in every respect both the theoretical and practical ex- 
pectations. Projects embodying such a closed-circuit plant for 
power generation or ship propulsion can now be realized, on the 
basis of the preliminary studies extending over a number of 
years, without unwarrantable technical risks being involved. 
The questions that arise in this connection and the construc- 
tional solutions which we consider suitable from the technical 
point of view will now be mainly dealt with. 

Since 1939 a number of original publications have been made 
regarding the theoretical and physical basis of the AK-process, 
which are now also accessible to American engineers (several of 
these articles have already been printed in English). The Bibliog- 
raphy of the chief papers regarding this field, together with the 
short index at the end of this paper, are quite comprehensive. 


1 Director of Research, Escher Wyss Engineering Works. 

2 Professor of Aerodynamics and Flow Mechanics, Swiss Federal 
Institute of Technology, Zurich, Switzerland. 

3 Numbers in parentheses refer to the Bibliography at the end of the 

aper. 

: Sontipated by the Oil and Gas Power Division and presented at 
the Annual Meeting, New York, N. Y., November 26-29, 1945, of 
Tur Amprican Socrery or MecHanicaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Fig. 1 
Pianr at Escupr Wyss Works IN ZuRICH, SWITZERLAND 


GreneraL View or THE Frrst 2000-Kw ExppRIMENTAL 


It will suffice therefore to give a brief summary of the chief 
characteristics of the new process as an introduction. Some in- 
formation, but not all the data, was provided in a preliminary 
report which was read by R. T. Sawyer and discussed by S. A. 
Tucker during the June, 1945, meeting of the Society. 

In recent months we have been favored by a number of visits 
from American engineers who came to the Escher Wyss Works, 
where information concerning the development work in connec- 
tion with these AK-plants was given, and the trial installation 
itself was explained. As a consequence, our work in this field 
has become known among a wider circle of specialists. 

The publications hitherto made with regard to the basis and 
development of the AK-process will be supplemented for the 
first time in the present paper by referring in greater detail to 
studies and designs, so far not published, for closed-circuit units 
which from the technical point of view are now practicable, 
and by remarks concerning the later uses and further possibilities 
of development. Since the research work and the whole field 
for such installations are very extensive, it is possible within the 
framework of the present paper to discuss only the principal 
ideas on the basis of examples. 
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Summary or THEORETICAL AND PuysicaL Bases or CLosep 
Crrcurr AND ITS PARTICULAR FEATURES 


As in the case of all other gas-turbine processes, it is our en- 
deavor to approach as closely as possible the thermal efficiency 
of the ideal process for thermal prime movers, namely, the Carnot 
process, and furthermore with means which are simple in practice 
and at the same time economical. The closed gas cycle offers 
favorable possibilities for realizing this aim. 

In the case of air or other technical gases the Carnot process 
proper, Fig. 2, is accompanied by numerous practical draw- 
backs, because for attaining the high initial temperatures LNG 
which modern steels are capable of withstanding, very high pres- 
sure ratios P,/P2 from 200 to 300 have to be dealt with, especially 
during the adiabatic compression, which is difficult to realize in 
turbomachines. 

The AK-process endeavors to bring about a cycle, the so- 
called double-isotherm cycle, which is thermodynamically equiva- 
lent to the Carnot cycle for gases. Fig. 3 illustrates this cycle in 
comparison with the Carnot cycle proper. The AK-process em- 
ploys only small pressure ratios between A and 8 for isothermal 
compression of the air. Further adiabatic compression between 
B and C, according to Carnot, is intentionally dispensed with 
and replaced by an internal exchange of heat at constant final 
pressure of the preceding isothermal compression. The supply 
of heat from an external source by the combustion of fuel shall, 
as in the Carnot process, take place exclusively along the isotherm 
C-D, After this expansion with simultaneous development of 
power, the heat is reimparted to the gas along B-C' by internal 
heat exchange in the circuit itself, whereby the pressure remains 
constant. This double-isotherm circuit has exactly the same 
theoretical efficiency as the Carnot cycle and is, consequently, 
dependent only upon the temperatures 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1946 


But the high pressure ratio, which is such a drawback, is entirely 
avoided; it can be reduced to a small fraction of the foregoing 
value, and one is not bound to a given relationship Pmax : Pmin 
for attaining the maximum temperature 7’. 

The hatched surfaces ABCD in the entropy diagrams, Figs. 
2 and 3, illustrate the work obtained for each unit weight of gas 
(air) for the Carnot circuit and for the double-isotherm circuit. 
This work is the difference between the turbine output D’C’CD 
(= hedt supplied from external source Qin) and the compression 
work A’B’BA (= heat carried away in cooling water Qout). 
The relatively large proportion of compression work in the case 
of gas processes is clearly shown by the entropy diagram. 

Complete isothermal compression and expansion can, of course, 
be only approximately realized in the machines that are available 
in practice. However, compression and expansion by stages, 
with intermediate cooling or heating (indicated by dotted lines 
on the AK-diagram) permit of this aim being put into practice 
to a considerable degree with only a few stages. The average 
temperatures T;’ for the supply and extraction of heat T,’ do 
not then deviate very considerably from the highest and lowest 
temperature of the ideal circuit. At the same time, the chief re- 
quirement of the thermal law is still largely fulfilled, namely, 
that the whole heat shall be imparted to the working medium at 
high temperature, and the remaining heat, after the development 
of power, be extracted at as low a temperature as possible. 

An important new feature of the AK-process lies in the fact 
that the working medium is not taken from the atmosphere and 
afterward returned to the ambient air, as occurs in the case of 
all old reciprocating machines employing hot air, as well as in 
open-circuit gas turbines. Furthermore, since the AK-circuit is 
closed, it works with higher pressure of which the lowest pressure 
at the compressor inlet already lies considerably above atmos- 
pheric pressure. The chief characteristics, namely, a double- 
isotherm circuit with high-speed turbomachines and heat ex- 
change, heat supply from an external source and raising of the 
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pressure level, have decisive consequences for the realization in 
practice, to which reference will now be made. 

To illustrate the fundamental difference between the method of 
operation of the ordinary combustion turbine and the closed 
circuit of the AK-plant, simplified layouts for these different in- 
stallations are compared with one another in Figs, 4 and 5. In 
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place of the combustion chamber, the closed-circuit system has an 
air heater which is heated from an external source, corresponding 
to the boiler of a steam-turbine plant. In comparison with the 
open-combustion turbine which discharges its waste air to 
the open, the only additional component of the AK-plant 
is a precooler which cools the working medium after it has passed 
through the turbine and heat exchanger, to as low a temperature 
as possible before being reinhaled by the compressor. The 
principal features of our process and the characteristics resulting 
therefrom may be summarized as follows: 

The Closed Pressure Circuit. Soiling of runner or impeller 
blading as well as of heat-exchanger surfaces by combustion re- 
sidue or other foreign matter is completely eliminated, which 
provides a guarantee that the efficiency of the machines and the 
heat-transmission coefficients will remain unchanged. The 
working medium, which is always clean, permits the adoption of 
small cross sections for the elements of the heat exchangers. 

The system is so supercharged that the pressure at the suction 
branch of the compressor already lies considerably above atmos- 
pheric pressure. As a consequence of this supercharging the 
dimensions of all parts of the plant, both machines and heat ex- 
changers, are considerably reduced, on the one hand owing to 
the smaller specific volume of the working medium, and on the 
other hand because of the considerably increased heat-transmis- 
sion coefficients at a higher pressure. Such supercharged opera- 
tion permits of the unit outputs being increased almost without 
limit. 

External Heating. By separating the circuit of the working 
medium from that of the combustion air it becomes possible to 
employ any kind of solid, liquid, or gaseous fuel, such as bitumi- 
nous coal, lignite, oil, or gas. 

Output Regulation. The output of the plant can be varied by 
changing the pressure level without altering thet emperatures 
and while maintaining the efficiency practically unaltered at all 
loads. By raising or lowering the pressure level (brought about 
by temporarily supplying or extracting working medium to or 
from the circuit), the plant can be suited to any desired part 


load, simply by changing the density of its working medium. 
In doing this the flow conditions in the machines, the pressure 
ratios, the velocities, and the angles of attack to the blades re- 
main practically unchanged, the same being true of the internal 
efficiency. Hence the machines always operate at exactly the 
same point of their pressure-volume characteristic. Conse- 
quently, the efficiency of the plant is almost equally high at 
part loads as at full load, only the constant losses arising from 
bearing friction and Heat radiation being proportionately more 
pronounced at part loads. 

The fact that the temperatures remain unchanged at all loads 
is a particular advantage for the practical operation of such plasit 
at high temperatures. No regulating valves, etc., are provided 
in the circuit proper, i.e., either on the machines or auxiliaries. 
The means for controlling the supply and withdrawal of air, 
which is stored in cold compressed-air accumulators, are united 
in a regulating set outside the circuit of the working medium and 
are traversed only by cold air. 

The Use of Other Gases. Other working media than air can 
be adopted only in the case of a closed circuit with an external 
supply of heat. The employment of suitable light gases, such as 
helium, for example, opens up the possibility of increasing the 
output of the plant for the same dimensions, or of further raising 
its efficiency, as a consequence of the particular physical char- 
acteristics of such gases for special purposes (drive of transport 
means or aircraft). 


OpeRATING CycLes or THE AK-Procnss 


The simplest air turbines operate with direct expansion in the 
turbine itself and with two intermediate coolers in the compres- 
sor, as may be seen in Fig. 6. The most favorable pressure ratio 
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(This wae the first plant.) 


for such a plant, with consideration of the efficiency and construc- 
tional requirements, is about 3 to 4 as for open-combustion tur- 
bines, with maximum pressures of 400 to 500 psi, depending 
upon the output. Since the efficiency is independent of the ab- 
solute pressure in all air circuits, these pressures are chosen only 
with regard to the constructional requirements. Even for the 
largest outputs no very high pressures are necessary, i.¢., such 
as are encountered in steam turbines. For initial temperatures 
from 1200 to 1400 F, the discharge temperatures from the turbine 
are not higher than 750 to 950 F, so that no special alloyed 
steels are necessary for the heat exchangers. The example provided 
by the experimental plant proves that noteworthy thermal ef- 
ficiencies can even now be attained with single-stage designs. 

Fig. 7 shows the thermal efficiency which was measured during 
the official performance trials on the first experimental plant. 
In this connection it should be borne in mind that when this 
experimental plant was projected the chief intention was to try 
out the principle itself and test the co-ordination between the 
various components of the circuit. As a consequence of the in- 
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tended experimental work, the plant was laid out to insure easy 
accessibility to all parts thereof, so that measurements could be 
carried out without difficulty. Consequently, neither the ar- 
rangement nor the space requirements of the experimental plant 
may be taken as a criterion for later industrial installations which 
can be made much more compact. : 

The Sankey diagram, Fig. 8, shows the course of the heat 
quantities flowing through the various parts of the plant. Sucha 
diagram applies in a similar manner to all single-stage installa- 
tions. For each 1000 kw the AK-plant requires about 20 lb 
per see working air in the circuit. In installations of larger out- 
put or to meet demands for higher efficiencies, we employ two- 
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stage expansion with intermediate heating which can be easily 
put into effect, as the following examples demonstrate: 

This two-stage expansion represents a further, and sufficient 
approach to the double-isotherm process which it has been en- 
deavored to realize from the beginning with the AK-process 
(see Fig. 3). Intermediate heating, or double heating, as we re- 
fer to it in the case of the AK-plant, brings about a saving in fuel 
of 10 to 15 per cent. Considerations of a theoretical and prac- 
tical nature lead, in the case of double heating, to the increased 
pressure ratio of about 10. 

As a result of the greater pressure ratio and consequently the 
larger heat drop in the case of double heating, with due considera- 
tion of the losses in the circuit, not only a considerable increase 
in the thermal efficiency is realized, but at the same time a fur- 
ther reduction is accomplished in the dimensions of the machines 
and auxiliaries. This applies, in particular, to the heat ex- 
changer because the weight of the circulating working air 
per unit of output is considerably smaller (approximately 12 1b per 
sec per 1000 kw), and because the greater pressure ratio allows of 
larger pressure losses without reducing the efficiency. 

Fig. 10 shows the conditions in the case of direct expansion (A) 
and double heating (B), with due consideration of the losses. 
The circuit with double heating (B), can be thought of as realized 
in practice by placing two single circuits (A) next to one another. 
If in both instances one takes the same values for the limit tem- 
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peratures T;, T2, with the same machine efficiencies n7, 7x but 
with twice the pressure losses «g, = 2 €4 and temperature differ- 
ences Atg = 2 At, in the recuperator for the case (B), then the 
course of the efficiencies applies for (A) and (B) equally, if only 
the pressure ratio is taken as abscissa for (A) and for (B) the 
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(This is also typical for other installations of this kind.) 


1 Calorific heat value of fuel 11 Circulating flue gases 

2 Air heater 12 Heat losses of air heater 

3 High-pressure turbine 13 Low-pressure compressor 

4 Low-pressure turbine 14 Medium-pressure compressor 

5 Output at turbine coupling 15 High-pressure compressor 

6 Heat exchanger 16 High-pressure circuit air 

7 Precooler 17 Low-pressure intercooler 

8 Combustion air 18 High-pressure intercooler 

9 Combustion-air preheater 19 Heat losses on high-pressure side 
10 Chimney 20 Heat losses on low-pressure side 


21 Mechanical losses 
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A p = pressure drop on high-pressure side with pressure Dy or 
low-pressure side, pe. 

With reference to Fig. 9, curves 2 and 3 have been plotted for 
two different pairs of values At,«. Assuming the same differ- 
ence in temperature, for example At = 36 deg F, and the same pres- 
sure losses e = 10 per cent with direct expansion and double heat- 
ing, the difference between curves 2 and 3 indicates the improve- 
ment by double heating. In the technically useful field of suit- 
able pressure ratios, it amounts to 4 per cent absolute. 

As already pointed out, the quantity of air in circulation be- 
comes smaller owing to the greater pressure drop for double heat- 
ing, so that the heat-exchanging surfaces are likewise reduced. 
If in the case of (B) one intentionally renounces to a certain ex- 
tent an improvement in efficiency by allowing greater tempera- 
ture and pressure losses as a consequence of increased velocities, 
the conditions will be those of the field between 2 and 3. How- 
ever, in this way the surfaces of the heat exchangers as well as 
the other dimensions can be reduced considerably. 

Installations with double heating operate according to the 
schematic diagram, Fig. 10. The corresponding Sankey dia- 
gram, Fig. 11, shows the reduced quantities of heat which are 

” conveyed in comparison to Fig. 8. In actual installations, maxi- 
mum pressures of 400 to 600 psia with back pressures of 40 to 60 
psia will be adopted for small outputs, whereas for larger out- 
puts above 10,000 kw, the pressure is raised to a maximum of 850 
psia with about 85 psia back pressure. In this case also, the 
heat drops are so distributed that the heat exchanger can be 
built without requiring the use of special alloyed steels. The 
power stations and marine plants subsequently referred to oper- 
ate according to this circuit. 


Examp.es or TypicaL CoMPONENTS OF CLosEp-CircuiT PLANTS 


Although the duty of the various machines and apparatus 
remains fundamentally the same in all installations, various de- 
signs nevertheless result which are dependent upon the different 
outputs required, the uses to which the installations will be put, 
the efficiencies and the available fuels. The closed cycle, operat- 
ing at a pressure above atmospheric, leads to conditions of con- 
struction which deviate considerably from other kinds of gas 
and steam turbines. The consistent application of knowledge 
gathered from the laws of flow, from up-to-date aerodynamics, 
and also concerning the improved properties of metals subjected 


to high temperatures, coupled with proper harmonizing of the 
various components, has in recent years led to ever-increasing 
simplicity for our designs. They deviate in many respects from 
the layouts usually encountered for turbomachines. An AK- 
plant is not simply an assembly of known components; the ar- 
rangement of the various parts in relation to one another and 
the course of the working medium through the whole installation 
are the subject of careful study, whereby due attention has 
been paid to heat expansion. Only in this way can the pressure 
losses in the pipings and the other secondary losses be reduced to 
an admissible measure. 

In this connection it has proved advantageous that all parts 
of an AK-plant such as the turbines and compressors, as well as 
the heat exchangers and air heaters, form part of the actual man- 
ufacturing program of Escher Wyss, which specializes in the con- 
struction of turbomachines of all kinds. Thus all the com- 
ponents have been developed and built in the company’s own 
works, the experience gathered in various fields being duly co- 
ordinated and proper use made of the latest research results ob- 
tained in the company’s own hydraulic and caloric laboratories. 

It should also be borne in mind that AK-installations are quite 
suitable for standardization. Thus for example, the whole 
range of stationary installations from 3000 to 50,000 kw can be 
dealt with by a few types of machines and auxiliaries. The 
component parts of the heat exchangers themselves as well as 
the regulating means can, for installations of these various sizes, 
be put together in suitable combinations. This standardization 
which has been attempted but never realized in the case of steam 
turbines will have a favorable influence on the price calculations. 

Turbines and Compressors. Since the specific volume is re- 
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1 Calorific heat value of fuel 

2 High-pressure air heater 

3 High-pressure turbine 

4 Low-pressure air heater 

5  Low-pressure turbine 

6 Output at turbine coupling 

7 Heat exchanger or recuperator 

8 Precooler 

9 Low-pressure compressor 

10 Low-pressure intercooler 

11 Medium-pressure compressor I 

12 Medium-pressure intercooler 

13 Medium-pressure compressor II 

14 High-pressure intercooler 

15 High-pressure compressor 

16 Mechanical losses of high-pressure set 

17 Heat losses on high-pressure side 

18 Heat losses on medium-pressure side 

19 Mechanical losses of low-pressure set 

20 Combustion air of high-pressure air heater 

21 Combustion-air preheater of high-pressure air heater 
92 Circulating flue gases of high-pressure air heater 

23 Chimney of high-pressure air heater 

24 Heat losses of high-pressure air heater 

25 Combustion air of low-pressure air heater 

26 Combustion-air preheater of low-pressure air heater 
27. Circulating flue gases of low-pressure air heater 

28 Chimney of low-pressure heater 

29 Heat losses of low-pressure air heater 
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(The effective output of this turbine is 28,000 kw.) 
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Fic. 13. Cross Section THroucH LP-TuRBINE OF 25,000-Kw Set 
(The effective output of this turbine is 34,000 kw.) 


duced owing to the raised working pressure of the closed circuit, 
the machines are astonishingly small when compared to open- 
circuit combustion turbines. In addition, the heat drop that 
has to be dealt with is much less than in the case of steam-tur- 
bine plants, so that the closed-circuit turbine has not many 
stages. 

For informatory purposes the main dimensions of the rotors 
for standard AK-plants of various outputs have been indicated 
in Table 1. These dimensions may vary slightly according to 


the speed and blading (action or reaction) of the turbine, whether 
an axial or radial compressor and of course also in accordance 
with the pressure that is employed. For the greater part, how- 
ever, the sizes of the machines will not prove very different from 
the figures indicated in Table 1. The fact that no regulating 


valves or stop valves are fitted to the machines leads to favorable - 


conditions for the construction of such hot-air turbines. 
This permits the adoption of constructional forms for the tur- 
bines which differ considerably from those usually employed for 
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TABLE 1 APPROXIMATE FIGURES FOR MACHINE OF CLOSED- 
CYCLE POWER PLANTS OEE SEQe OUTPUTS (60 CYCLES 


Netrantnut, Jaw stoi «cee spay aes > 6000 12000 25000 50000 100000 
. Maximum pressure, psi. . 600 600 850 850 850 
} Maximum diameter of: 

d High-pressure turbine, in........ 17 19 26 35 47 

Low-pressure turbine, in......... 31 39 50 70 87 
Maximum diameter of axial high- 

pressure compressor, in.......... 10 12 16 20 ‘27 
Maximum diameter of axial low- 

pressure compressor, in.......... 21 30 33 53 65 


steam turbines, Figs. 12 and 13. Special attention has to be 
paid to the inlet and outlet losses which, as a result of the small 
pressure and temperature drops that are utilized, play a relatively 
important part. The absence of regulating devices permits of 
the turbine being situated, literally speaking, immediately in the 
piping which conducts the working medium, an arrangement 
with which one is familiar in the construction of hydraulic ma- 
chines. * 

It is possible, for example, to pass the working medium through 


COMPRESSOR 1 COMPRESSOR] 


an inlet branch supply pipe to the first runner wheel without em- 
ploying annular channels. The outlet can be made symmetrical 
and a considerable part of the kinetic energy can be recovered, 
for instance in spiral outlet casings as in hydraulic turbines or 
pumps. Such forms are also used for the axial-flow compressors. 
The small turbines also permit the adoption of double casings 
which are designed according to the same principle as the hot- 
air piping previously referred to. Between the thin internal 
shell and the external casing there is a layer of insulating ma- 
terial; the internal casing serves only for conducting the hot 
current, while the cold external casing takes up the pressure. 
The whole guide apparatus is fixed to the casing at a point where 
temperatures are low. In this manner the external casing is, 


even for high inlet temperatures, subject at the most only to the 
discharge temperature of the last stage (approximately 925 F). 
Thus although the turbine-inlet temperature is much higher, 
heat-resisting steel need not be adopted for the casing but only 
for the small internal parts. 
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Similar constructional principles, dictated by the latest knowl- 
edge in the field of flow techniques, apply also for the compressor 
and for the intermediate coolers forming part of the latter, Fig. 
14. 

Since relatively large quantities of air but small increases 
in pressure have to be dealt with, up-to-date axial-flow turbocom- 
pressors of the multistage type are particularly suitable for such 
duty. The high speeds needed for this type of compressor lie 
within limits which offer good constructional conditions also for 
the driving turbine. As a result of these high speeds the com- 
pressor set is of small dimensions even when dealing with the 
largest volumes. It has been possible to raise the efficiency of 
the bladings above the values attainable with radial compressors. 
This is again the outcome of systematic research in this particular 
field, Fig. 15. 

As turbine and compressor always and at all loads work at the 
same operating point, high-quality blading need only be de- 
veloped for this one point without compromises. For these 
conditions the course of the pressure-volume characteristic for 
part loads need not be considered. For the same reasons, 
for instance, in the case of small outputs of other gases, radial 
compressors can also be adopted thus leading to fewer stages. 

Figs. 16 and 17 illustrate typical blading for AK-turbines and 
AK-compressors having stage efficiencies of more than 90 per 
cent. As a consequence of the raised pressure the Reynolds 
numbers of the machine bladings are of a considerably higher 
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order, so that the percentage of friction losses becomes smaller. 
This holds good only for smooth and clean surfaces. Tests in 
our laboratories on a full-sized axial compressor inhaling ambient 
air, containing only usual workshop impurities, have proved 
that the blade efficiency dropped from 86 to 83 per cent during 12 
hours continuous operation. 

The rotating shafts of the machines are sealed from the am- 
bient air by means of labyrinth glands or a combined system 
of labyrinth glands with liquid sealing, depending upon the size of 
the plant and the kind of gas employed. Good sealing is neces- 
sary in consideration of the losses, especially at smaller outputs 
or when employing special gases. 

The glands illustrated in Fig. 18 have proved their,merits in 
the case of the experimental plant. Sealing air extracted from the 
circuit is passed through a pipe to the labyrinth chambers. 
The pressure of this sealing air is at all loads always somewhat 
higher than the pressure inside the glands, corresponding to the 
point where it is bled from the circuit. In this way it becomes 
impossible for hot air to escape. From the point where sealing 
air is introduced another part branches off toward the exterior 
of the gland and flows into a collecting space which is connected 
to a point in the circuit where a somewhat lower pressure pre- 
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vails. _ Outside these air-sealed labyrinth glands there is a ring 
through which oil under pressure is supplied to the shaft. This 
pressure oil prevents the escape of any air from the circuit. On 
either side of the pressure oil ring means are provided for leading 
the oil to a reservoir, which is under a suitable pressure above 
atmospheric, since it is connected to the interior of the circuit. 
The oil-sealing ring can also be combined with the bearing itself. 
By suitable connections of the sealing air pipes to the circuit it 
is possible to insure that at all loads, i.e., at all pressure levels, 
the sealing pressures will likewise rise and fall automatically, and 
that the direction of the current will remain the same; this with- 
out regulating valves of any kind having to be interconnected. 

In practice the foregoing is very important for insuring the 
safety of the plant. The measures described have proved fully 
satisfactory in trial operation under the most exacting conditions. 
The sealing air, introduced to the end sections of the hot turbine 
shafts, is simultaneously utilized in an advantageous manner for 
cooling these parts, so that the bearing sections remain quite 
cold. 

Hot-Air Piping. In order to reduce in so far as possible the 
quantity of metal capable of withstanding high temperatures, 
the hot-air piping has been made with double walls according 
to the same principle as for the turbines, Fig. 19. The design 
comprises a thin-walled internal tube of a heat-resisting material 
serving only for conducting the stream of gas. By means of 
openings this tube is relieved from the pressure in the heat-in- 
sulating space which surrounds it. The heat-insulating space in 
its turn is enclosed by a thicker-walled pipe of standard material 
which can easily take up the pressure of the working medium, 
since it is protected by the insulating material and therefore it 
is not under high temperature. The necessary measures are, of 
course, taken to prevent insulating material from gaining access 
to the tube. With this design much high-quality and expensive 
steel can be saved. 

Air Heater. In the aerodynamic circuit the air heater plays a 
similar part to that of the steam boiler in a steam-turbine plant. 
The heat of the fuel is imparted indirectly to the working medium 
by heat-transmission surfaces, the combustion gases being kept 
away entirely from the machines. 

Since no feedwater is employed, the air heater can, in principle 
and in contradistinction to a steam boiler, be installed in the open 
air without any building, all danger of freezing being nonexistent. 

The design of the air heater is dependent upon the fuel that 
has to be dealt with. Coal-fired air heaters resemble in their de- 
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sign up-to-date steam boilers, as may be seen from the examples, 
Fig. 20 and Fig. 21. According to the present stage of develop- 
ment, the space requirements of coal-fired air heaters are not 
greater than those of up-to-date high-pressure boilers. 

Fig. 20 shows a section through a coal-fired air heater with 
granulating chamber. This project for a 12,000-kw plant is 
conservative as regards the combustion chamber, as well as the 
stresses and temperatures for the tube walls, since care in this 
connection appears necessary for the first installation. It may, 
however, be definitely expected that subsequent developments 
will lead to the heating surfaces and the dimensions being con- 
siderably reduced. The inlet temperature of the tube nest in 
the convection section amounts to only about 1850 F. By re- 
turning the flue gases in the combustion chamber, its tempera- 
ture is regulated and reduced. The tubes have diameters of ap- 
proximately 11/2 to 3/, in. and have wall thicknesses of 0.15 to 0.1 
Ins 

Fig. 21 shows a project for a plant of the same output with 
liquid-ash extraction and increased temperature in the combus- 
tion chamber for utilizing the radiation. The walls of the com- 
bustion chamber are lined with short tubes of small diameter. 
The air passes through them at high velocities so that the wall. 
temperatures nevertheless remain sufficiently low, to permit of 
their being subjected to the radiation without further protection. 
In view of the fact that the waste gases from the air heater have 
relatively high temperatures as a result of the highly preheated 
circuit air, their waste heat is employed for preheating the com- 
bustion air. The use of preheated combustion air leads to an 
increase in the furnace temperature, particularly in cases where 
pulverized coal is used. For example, in plants burning pul- 
verized coal such preheating of the secondary air is desirable 
since it permits a reduction in the size of the combustion chamber. 

It is not purposed to deal further herein with the details of 
coal-fired air heaters, since our studies and investigations in this 
connection have not been completed in all respects. Experi- 
mental equipment for air heaters with pulverized-coal firing is 
being subjected to experimental work in Zurich. The behavior 
of ash and slag on hot tubes is being particularly studied. The 
results so far obtained justify the opinion that pulverized-coal 
firing will not present any fundamental difficulties for the AK- 
air heater. 

Oil- or gas-fired heaters can be made more compact. In the 
ease of the latter the possibility exists, especially where space is 
restricted as in marine installations, of supercharging the com- 
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bustion chamber by which means the dimensions and weights 
can again be considerably reduced (down to one half the surface) 
compared to ordinary firing. 

Fig. 22 shows an example of an oil-fired air heater for a 6000- 
kw plant with 600 psia and double heating. The tubes are 
arranged around a supercharged combustion chamber. The 
tube walls for heating the air in the first stage and in the second 
stage, 600 psia and 200 psia, respectively, are united in a common 
heater. In the case of this project the combustion chamber is 
lined with refractory material, and the heat is given up to the 
tubes mainly by convection. By raising the pressure of 
the combustion gas to about 45 to 70 psia, and with velocities of 
combustion gases from 100 to 160 fps, and air velocities inside the 
tubes from 65 to 130 fps, the heating surface can be kept small. 
For such projects it amounts to only 0.5 sq ft per kw net output 
of the plant. 

The total weight of iron in such an air heater is less than 9 lb 
per kw. Of this figure the proportion of alloy steel is about 50 
per cent. The tubes, which may expand in operation by about 
21/. in., can move freely in the upward direction. In order to 
keep the hot-air piping as short as possible the heated air for 
the high-pressure turbine and low-pressure turbine is discharged 
below. The shell of the heater is of ordinary steel and made 
airtight. It can be dismantled in a number of sections so that 
the tubes are easily accessible from the side and can be removed 
without difficulty. The shell serves at the same time as a support 
for the tubes. 

Since the waste gases are still of high temperature (approxi- 
mately 1000 F), they are expanded in an exhaust turbine and 
simultaneously cooled. The exhaust turbine drives the com- 


pressor for the combustion air. In this way a preheater for the 
combustion air can be entirely eliminated. The supercharging 
set need not be particularly efficient because most of the losses 
are recovered in the firing. As there is no regenerator there is 
little danger of detrimental soiling. The design of an air heater 
employing blast-furnace gas or natural gas is, for the greater part, 
the same as for oil-firing. The heating surfaces are likewise 
quite similar. 

The design of the air heater according to Fig. 22 corresponds 
in principle to the one which has proved its merits in the experi- 
mental plant from the beginning, only with the difference that in 
the latter case firing under pressure was not adopted, for the sake 
of simplicity. 

The working medium which has passed through the heat ex- 
changer is supplied to the air heater always in a highly preheated 
state (600 to 750 F). However, the supply of heat does not 
bring about any change in condition (evaporation) as is the case 
in the steam boiler. Evaporating elements, large collectors, and 
the drums of steam boilers can therefore be dispensed with. 
Since the air is under pressure, the employment of tubes as heat- 
ing elements is found to be the most satisfactory means. Accord- 
ing to the fuel adopted and the temperature in the furnace, the 
heating surface is subdivided into a radiation section and a con- 
vection section. 

In view of the fact that a gaseous medium has to be heated by 
means of combustion gas, higher tube-wall temperatures have 
at first to be considered than in the case of steam, where, as a re- 
sult of the high heat-transmission coefficients on the water and 
steam side, the tube-wall temperatures are not much higher than 
the steam temperatures. The working pressures at which the 
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closed cycle operates have the same effect. The heat-trans- 
mission coefficient in the interior of the tubes can be so great that 
the tubé-wall temperature is displaced to a considerable extent 
toward the cold side and comes within ranges to which alloyed 
steels nowadays obtainable on the market can be subjected with- 
out hesitation. The maxi mum temperature of the hottest tube 
wall can be forced down to 70 to 100 deg F of the final tempera- 
ture of the air, The heat-transmission coefficient for the in- 
terior of the’tube is 


a= c (w+ p) 75 
where 


c constant factor 
w = velocity 
p = pressure 


and accordingly proportional to the product w - p. 

Thus for the same velocities the heat-transmission coefficient, 
compared to conditions at atmospheric pressure, increases many 
times, for example, at 400 psi to 12 times, at 850 psi to 22 times. 
For practical cases heat-transmission coefficients of 100 to 200 
Btu per sq ft per deg F per hr for the interior of the tubes can be 
reckoned with. Fig. 23 shows, by way of example, how for the 
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same-percentage pressure drop « = A p/p per unit length, 
the tube-wall temperatures automatically fall as a consequence of 
increased pressure in the interior without velocity increase, so 
that the air-heater tubes can be subjected to the duty in the com- 
bustion chamber without special cooling measures being neces- 
sary. 

A simple means for compensating for excessive combustion- 
chamber temperatures is a return circuit of the flue gases to the 
combustion chamber, whereby practically any desired tempera- 
ture can be adhered to. This has been effected also in the oil- 
fired air heater of the test unit of 2000 kw. 

_It is often assumed that a very high velocity and a consider- 
able detrimental pressure drop are necessary in the heater tubes 
for carrying away the quantity of heat. However, as a conse- 
quence of the pressure action and with suitable layouts this is by 
no means the case. For the air heater of a 400-psi plant the 
pressure drop is only about 10 to 15 psia; at 850 psi for two- 
stage heaters it totals 20 to 30 psi. 

If the flow velocities in the interior of the tubes could be in- 
creased at will, any desired reduction of the tube-wall temperature 
down to the temperature of the air current inside the tubes could 
theoretically be envisaged. But this can be attained only with a 
loss of over-all efficiency. 
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An increase in the velocity involves the need for minimum pres- 
sure losses. Thus the velocity in the various heater sections will 
be increased only to such an extent as is necessary for attaining 
the admissible tube-wall temperature. This knowledge leads 
to the adoption of tubes having different diameters which are 
suited to the various ranges of temperature. 

Careful calculations of all these problems have led to a series 
of fundamental circulation layouts for the working medium to be 
heated and for heating combustion gases. The wall tempera- 
ture can be further reduced by suitable layouts employing coun- 
tercurrents, parallel currents and transverse currents in the var- 
ious heater sections. 

Fig. 20 illustrates one of the many solutions that can be adopted 
in this connection. The countercurrent to be heated is sub- 
divided at the inlet into two parallel currents, one of which, 
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mainly subjected to radiation, flows as a direct current and the 
other, the temperature of which is raised by contact with heated 
parts, flows as a countercurrent to the flue gases. This brings 
about a reduction of temperature in the hottest sections. At the 
same time the subdivision into two or more parallel currents per- 
mits a considerable reduction in the total pressure losses. The 
two partial currents pass into a common final heater and col- 
lector pipe. 

If it is desired to avoid excessively high temperatures in the 
radiation section, the pipes can be arranged in such a manner that 
final heating takes place in the section heated by contact, where 
the tubes are protected from the effects of radiation. 

Only a part of the air heater must be made of special high- 
quality materials. In this connection. the fact should not be 
lost sight of that for the working pressures concerned the wall 
stresses are astonishingly small (2500 to 4000 psi), even with 
thin tubes. Those figures still lie far below the creep limits of 
good alloy steels for the corresponding temperature ranges. 

Heat Exchanger (Recuperator). Unless a heat exchanger is 
employed it is hardly possible to increase the thermal efficiency 
of any kind of gas turbine plant above about 20 per cent. The 
quantity of heat that has to be given up by the current of gas is- 
suing from the turbine to the current of gas after the compressor 
at full regeneration is of the same magnitude as the quantity of 
heat which in the air heater is introduced from an external source. 

The heat-transmission coefficients on both sides of the heat- 
exchanger surfaces are raised considerably in the case of the 
supercharged closed cycle. In combination with the small 
specific volume this offers possibilities of reducing considerably 
both dimensions and weights. .A further point is that one can 
in principle adopt very small cross sections for the tubes, or 
other fine exchanger elements, because any danger of soiling is 
entirely eliminated. 

The conditions for constructing a good heat exchanger of small 
dimensions are doubtless more favorable for a closed circuit than 
for gas turbines with which the flue gases pass through the heat 
exchangers. Apart from the high blading efficiency of the ma- 
chines, the easy realization of a very high heat exchange is one 
of the chief reasons for the high over-all efficiency of closed-cir- 
cuit installations, even when employing moderate temperatures. 

In practice heat-transfer coefficients of 30 to 50 Btu per sq ft 
per deg F per hr, depending on the admissible pressure loss, may 
be taken as a basis. These figures are multiples of the heat- 
transfer coefficient characteristic of the heat exchangers for com- 
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bustion-gas turbines. For economical reasons one is compelled 
not to go too far with the recuperation in the case of the last- 
mentioned plants, since space and weight for the construction 
would become too great. According to available ‘figures, such 
new two-stage installations require about 3 times or more heat- 
ing surface. With the closed cycle we find surfaces of 1.5 to 3 
sq ft per kw sufficient, depending upon the pressure, and further- 
more for an over-all efficiency of the plant exceeding 33 per cent; 
the degree of recuperation being about 90 per cent. It is possible to 
bring the weight of the heating surfaces down to even less than 2 
lb per kw. The following illustrations likewise indicate 
clearly that the heat exchangers of closed-circuit installations are 
relatively small. 

In principle, any kind of heat-exchanging surface (flat or 
tubular), and any means for conducting the current can be 
adopted. However, since the plant operates under pressure, the 
use of simple steel tubes which can be manufactured at relatively 
low cost represents the given means for effecting this transmis- 
sion. 

Fig. 24 illustrates the design of a tubular exchanger operating 
according to the countercurrent principle and transmitting a 


PRECOOLER 


maximum amount of heat with a minimum loss of pressure. 
The high-pressure air flows through the interior of the tubes and 
the external shell has to withstand only the lower back pressure. 
The apparatus can be arranged as desired, according to the avail- 
able space or subdivided into two or more parts. The use of 
normal tubes of small diameter permits standardization of all 
heat-exchanger elements for the various outputs and thus to a 
large degree manufacture in series. 

We employ tubes of only 0.15 to 0.25 in. diam. They are sepa- 
rated by special spacers which offer little resistance to the current 
of air. A large number of these thin tubes is assembled in a 
tube nest. In their turn the latter are connected by a small num- 
ber of collector pipes. Separate removal of each tube nest is 
easily possible. In the case of stationary plants this can be ef- 
fected, for example, by drawing the various tube sections out of 
the heat exchanger in an axial direction. For marine installa- 
tions the shell of the heat exchanger is split and can be easily 
lifted, thus giving access to the tube nests from above. The 
tightness of each nest can be checked separately. However, 
since a perfectly clean medium flows on either side of the tube 
walls, there is no reason to fear interruptions in the operation. 
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Furthermore, the highest temperature in the heat exchanger 
amounts only to about 850 F, so that it is unnecessary to employ 
special-quality metals for the tubes. Fig. 25 shows a view in the 
part of the apparatus. where the spacers are arranged; as may 
be noted, the external bright part where the low-pressure air 
flows is hardly obstructed by these distance pieces. 

The temperature of the low-pressure air on issuing from the 
heat exchanger is about 200 to 250 F, after which it passes to a 
precooler, through which water circulates, for cooling in so far as 
possible down to the inlet temperature of the compressor, 
the object being to reduce the compression work. Since, as a 
result of the raised pressure the heat-transmission coefficients 
on the air side are also favorable in the precooler and in the inter- 
mediate coolers of the compressor, the surfaces and dimensions 
of these units are not large, in contradistinction to water- 
cooled air coolers when operating with small working pressures. 
Incidentally, the precoolers and intermediate coolers are of 
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standard ribbed-tube design with water circulation through the 
tubes. 

In many cases it is advantageous to combine the low-pressure 
turbine arranged in the circuit before the heat exchanger in the 
manner illustrated in Fig. 26. In this way additional pressure 
losses are avoided and the stream of air passes directly to the 
tube nests. As may be seen in Fig. 26, the heat exchanger, 
whether arranged in this or some similar manner, is an excep- 
tionally simple apparatus that operates very reliably. 

Governing. For raising the output, air is introduced to the 


circuit from a high-pressure accumulator of cold air, while for. 


reducing the output, air is withdrawn from the circuit and passed 
to a low-pressure accumulator. Automatic governing for an 
installation with rigid couplings between the machines takes 
place fundamentally as follows: When load is thrown off the 
consequent rise in speed influences the centrifugal governor 
(pendulum) which causes the discharge side of the combined 
inlet-outlet valve to open, Fig. 27, so that air from the high- 
pressure branch of the circuit issues into the low-pressure ac- 
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cumulator LP. On the other hand, when load is thrown on 
the plant the resulting drop in speed causes the inlet side of the 
valve to open, as a consequence of which air from the high-pres- 
sure accumulator HP is admitted to the circuit at the same point. 

For small reductions in load, and consequently only slight in- 
creases in speed, the main valve operates only within a small 
range without opening either the inlet or outlet. On the other 
hand, the by-pass valve opens and by-passes air from the high- 
pressure side of the circuit to the low-pressure side without de- 
veloping output, so that the useful output of the plant is reduced. 


air accumulators 
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By regulating small and frequently recurring load fluctuations 
with the by-pass valve the air consumption from accumulator 
HP, for purposes of regulation, is reduced and charging work thus 
saved. 

Regulation by supplying or withdrawing working medium to 
or from the high-pressure side of the circuit has the advantage of 
immediate efficacy, since the pressure ratio py : pr is immediately 
raised on air being admitted, thus causing the plant to give up 
additional output. Inversely, when air is withdrawn from the 
high-pressure side, the pressure ratio immediately drops, so that 
for example, when suddenly withdrawing less than 20 per cent of 
the air content of the circuit, it has dropped to such an extent 
that the transition from full load to no load has already taken 
place. On the other hand this “momentary effect’? would be un- 
suitable for the supply or withdrawal of warking medium on the 
low-pressure side. : 

When admitting or withdrawing air on the high-pressure side 
of the circuit the consumption of air for such regulating purposes 
is, in the case of quickly recurring small periodical load fluctua- 


‘tions, no longer proportional to the number of actual load fluc- 


tuations and instead increases relatively less, since insufficient 
time remains between the separate fluctuations for re-establishing 
the stationary pressure ratio, and the control consequently takes 
place chiefly under the influence of the “momentary effect,” 
Fig. 28. 
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The influence of the momentary effect on the governing, 
which for known machine characteristics can also be calculated 
theoretically, has been checked by experiments. The pressure 
course, Fig. 29, plotted for a load-reducing action, shows that 
during the first moment the equilibrium in output is brought 
about by reducing the pressure ratio py : pz; and that the pres- 
sure level only gradually drops to the final condition. 

The regulation of the furnace, not indicated on the schematic 
drawing, Fig. 27, need not take place very quickly, thanks to the 
accumulation of heat in the heaters and apparatus. Changes 
in the power output of the turbine due to smaller deviations of the 
final heating temperature of the working air from its stationary 
value are compensated by automatic and temporary raising or 
lowering of the pressure level by a small amount. 
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The method of regulation herein described has the advantage 
that the regulating means can be accommodated in a block out- 
side the circuit proper, Fig. 30, that they are traversed only by 
cold air, and that under normal working conditions the air of the 
circuit does not pass through them, so that no additional throt- 
tling losses result. 


For installations in which the turbine developing useful out- 
put is separated mechanically from the compressor set, which is 
particularly the case where useful output has to be given up at 
different speeds (for example, compressor drive, ship propulsion), 
the compressor set operates in the normal operating condition, 
thus remaining stable and without any special regulation. When 
the equilibrium is disturbed, i.e., during the supply and with- 
drawal of working medium for changing the useful output, de- 
viations from a given speed range, either above or below, for the 
free-running compressor set, are prevented by partly by-passing 
the turbine developing useful output or the compressor-driving 
turbine by a special valve actuated from a speed-limiting gover- 
nor of the compressor set, Fig. 31. 
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The test plant has worked for long periods entirely separated 
from the municipal network and supplying the whole works of 
Escher Wyss. On these occasions the regulating governing, 
already in its simplest form, proved to be very satisfactory. 
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The disposition of the various machines and apparatus of an 
AK-plant within the available space does not involve special re- 
quirements. Air is not subject to the force of gravity like steam 
condensate, so that differences in level, such as are required for 
insuring passage of the condensate and feedwater, need not be 
provided for. Thus attention can be paid to a combination of 
the machines and apparatus in a small closed set with short 
connecting pipes in order to reduce losses of pressure and tem- 
perature to a minimum, of the utmost importance in such plants. 
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The limited number of auxiliary machines and other acces- 
sories greatly simplifies the operation of the plant, whereas in 
the case of high-pressure steam power stations for high thermal 
efficiencies, these auxiliaries have become rather cumbersome. 
The chief factors which bring about a considerable improvement, 
compared to a steam plant, are the elimination of feedwater, the 
necessary pumps and apparatus for its preparation, the small 
cooling-water consumption which amounts to only a fraction 
(4/5 to 1/1) of that required in steam installations, the elimina- 
tion of the condensing process with its condensate pumps and 
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air pumps, and the absence of all fittings for very high pressures. 

Closed-cycle installations may be operated. entirely without 
water, in that intermediate cooling of the air in the compressor 
can be effected by employing ambient air as cooling means in 
place of water. For the large available temperature drops of the 
intermediate cooling, this arrangement with which cooling water 
is entirely eliminated, can be realized in an economical manner 
in contradistinction to steam plants where the condensing proc- 
ess at constant low temperature makes it necessary to endeavor 
to attain minimum temperature differences when giving up waste 
heat to the ambient air. 

If one takes into account: 

1 The relatively small expense involved for special materials 
capable of withstanding the high temperatures (as a consequence 
of the small dimensions resulting from supercharged operation) ; 

2 Thesimple layout of the plant (absence of extensive founda- 
tions); 

3 The reduced number of accessories; 
then it is evident that in spite of the higher thermal efficiency, 
compared with those of steam plants of the same output, the 
total costs of the two installations will not greatly differ from one 
another. 

Fig. 31 illustrates, by way of example, a number of AK-in- 
stallations such as are ready for construction. They are all 
characterized by high efficiencies, well ahove 30 per cent. These 
installations employ pure air as working medium. Fig. 32 illus- 
trates a 12,000-kw plant with pulverized-coal firing for industrial 


4 q 
q 


= xR 


12000 KW AERODYNAMIC TURBINE 
WITH CLOSED CIRCUIT. 


Air heater 
with pulverised-coal burner 
all in the open air. 


Legend 
LP compressor 
[HP compressor 
HP turbine 
[Le turbine 
Turbo-alternator 
Exciter 
Starting motor 
Jntercooler 
[Precooler 
Loading compressor for air accumulator’ 
Loading compressor for circuit 
12] Regulating station 
43| Cooling-water-pump 
44| Oil-tank 
[45] Air accumulators 
[16| Exhavst-qas blower 


12,000-Kw AK-Srr ror Sincte-Srace Power Prant WitTH Coat-FIRING 


KELLER—ESCHER WYSS-AK CLOSED-CYCLE TURBINE, ACTUAL DEVELOPMENT AND FUTURE PROSPECTS 807 


Escher Wyss AK-Plant 


° output 12 000kW 850/85 Ibs/a” 


| Double heating 


ae 


2200 


( 
Aa 


BRS 


q 


| 1_|_HP turbine 
[2 | LP turpine 
Compressors 


[4 | Generator 


Starting motor 


TAY in 
HOS 


[7 | Heat exchanger | 
|| Air neater HP 
Aur_neater LP 
Air_preheaters 


[11 | Precooter 
1 12| 3Intercooters 
| 43 | Circulating gas fan 
Exnoust_ gas duct 


| 15] Combustton air duct 


Fig. 33 12,000-Kw AK-Sxrr Wiru O1t- or Gas-Firine, AND INTERMEDIATE HEATING 


purposes. The air heater is installed in the open next to the 
powerhouse, thus considerably reducing the cost of the building. 
This is a plant with single-stage expansion. The working pres- 
sure at full load amounts to 400 F at the turbine inlet, the maxi- 
mum temperature to 1200 F, and the back pressure to 115 psia. 
The machines are arranged all in one row. The high-pressure 
turbine drives the compressor serving the circuit while the low- 
pressure turbine drives the generator. The heat exchanger is 
installed underneath the machine set but can of course also be 
arranged elsewhere, for example, in the open, depending upon the 
available space. The weight of the circulating air is about 250 
Ib per sec. All the chief auxiliary drives that are required may 
be seen in the illustration. Their small number in comparison 
to the auxiliaries of up-to-date steam power plants is character- 
istic. The over-all thermal efficiency of such an installation 
amounts to at least 32 to 33 per cent at full load, still attaining 
31 per cent at half load and 28 per cent at quarter load. Nat- 
urally these figures vary somewhat according to the quality of 
the coal. 

Fig. 33 illustrates a project for a plant of the same output but 
arranged for oil- or gas-firing and double heating, the initial pres- 
sure being 850 psi and the back pressure 85 psi. The machine 
plant is subdivided into two independent sets. The high-pres- 
sure turbine 1 is fed from the first air heater 8 and drives a part 
of the compressor rotors. This compressor set is arranged above 
the heat exchanger 7. The low-pressure turbine 2 drives the 
generator 4 and the low-pressure part of the compressor 3. 
The low-pressure turbine and heat exchanger are built together, 
Fig. 26. The low-pressure turbine receives the reheated <air at 
_ a pressure of 300 psi from the second air heater 9. 

In these stationary installations where the space requirement 
is not of decisive importance, ordinary furnace-chamber pres- 


sures can be adopted for oil- and gas-fired air heaters. This 
means that the required heating surface becomes larger than for 
firing under pressure, but on the other hand the charging set is 
eliminated. In place of the latter an air preheater for the com- 
bustion air is adopted. In this case the air preheaters are built 
as tubular units. The air heaters are arranged immediately 
next to the machine set proper which leads to favorably short 
interconnecting pipe work. The fact that no excavation is re- 
quired for the set and that it rests on a light foundation frame- 
work is worthy of note. All parts are easily accessible. 

The starting motor 6 has an output of approximately 300 to 400 
kw. On the basis of the present state of development, a thermal 
efficiency, including auxiliaries of 34 to 37 per cent, is attainable 
at full load and 30 to 33 per cent at one-fifth load. The efficiency 
is, of course, dependent upon the size of the heat-exchanger and 
air-heater surfaces as well as upon the cooling-water temperature. 
For an inlet temperature of 60 F and 160 F exit approximately 
40 gal per sec are required. A steam plant of the same output 
needs about 5 times more. The circulating-air weight is approx- 
imately 150 lb per sec. 

Fig. 34 illustrates the machine designed for a plant of 25,000 
kw output. It remains the same for oil-, gas-, or pulverized-coal 
firing. Details of the corresponding machines are illustrated in 
Figs. 12, 13, and 14. The machinery plant can of course be 
arranged in two sets parallel to one another instead of in a single 
row, if the available space makes this preferable. When com- 
paring with Fig. 33 it is apparent that the larger output calls for 
hardly any additional length, since it is primarily the diameter of 
the machines and auxiliaries which is increased. 

An arrangement of the sets in parallel is preferable for marine 
installations. Fig. 35 shows a marine plant with oil firing for 
3000 shp. This plant can be used for turboelectric drive or 
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for propulsion in conjunction with a variable-pitch propeller. It 
operates with 600 psi, 1200 F at the turbine inlet, with double 
heating and supercharged firing of the air heater. The combus- 
tion circuit is entirely separate from the working circuit proper, so 
that they do not influence one another during regulating actions. 
The reduced strain for the tubes in the case of supercharged firing 
permits of the wall thicknesses being reduced. The back pressure 
amounts to 60 psi. The air heater is arranged in front of the 
machine set. The heat exchanger lies amidships. On the one 
side is the compressor set for the circuit. It is driven by the high- 
pressure turbine. On the same side is the charging set for the 
combustion chamber which receives its drive from an exhaust 
turbine. The low-pressure turbine is the prime mover proper. 

With this arrangement all parts are easily accessible and can 
be dismantled without difficulty since they all lie in the same 
plane. When the propeller speed is changed under varying 
loads, only the speed of the low-pressure turbine is correspond- 
ingly altered. The independent regulation of the two machine 
sets takes place according to the schematic drawing, Fig. 31. 

The thermal efficiency of such a marine plant including aux- 
iliaries amounts, at full load and 1200 to 1300 F, to about 32 to 34 
per cent, and still attains at one-fifth load an efficiency of 27 to 
30 percent. The weight of the installation in relation to output is 
approximately 40 lb per shp. The weights, space requirements, 
and efficiencies are primarily dependent upon the surfaces that 
have to be adopted for the heat exchangers. The space require- 
ments of a plant, according to He 35, are approximately 2.4 cu ft 
per hp. 

In accordance with Stage progress in metallurgy it is in- 
tended to operate AK-plants at temperatures of 1200 to 1300 F. 
Every future increase that can be made in the temperatures 
will, for each 10 deg F, lead to a saving in fuel of 0.75 per cent, 
i.e., for 40 deg F increase in temperature an improvement in the 
over-all thermal efficiency of about 1 per cent may be expected. 

When making a comparison with open-cycle gas turbines, the 
pipes passing through the deck which are necessary for supplying 
the combustion air and for discharging the combustion gases 
should be borne in mind. Whereas a closed-cycle turbine re- 
quires practically the same quantity of fresh air and discharges 
about the same volumes of waste gas through the funnels as in 
the case of Diesel engines or steam plants, these volumes are many 
times greater for an open-cycle combustion-gas turbine because 
of the large surplus air volume of its working cycle for the pur- 
pose of reducing the temperature. Needless to say, the closed- 
cycle turbine is very suitable for turboelectric drive. © 

One cannot discuss new gas-turbine developments for marine 
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propulsion without mentioning the future development of the 
propelling means. 

The most suitable solution for reverse*operation which, at the 
same time gives ideal operating conditions for the whole plant, is 
the adoption of variable-pitch propellers, thus obviating the 
necessity of installing a separate turbine for propelling the vessel 
astern. From wide experience in the building of Kaplan-type 
water turbines, in 1934 we developed such a new marine pro- 
peller based upon the same principles. No failures or defects 
have been reported from the 35 marine propellers already de- 
livered. 


OTHER FIELDS OF APPLICATION 


Remote Heating. In contrast to the condensing plant of steam 
turbines, where heating of the cooling water may amount to only 
a few degrees owing to the necessity of maintaining a good 
vacuum, the required elimination of heat from a closed circuit 
during the compression can involve a considerable increase in the 
temperature of the cooling water without any drawbacks result- 
ing. In this way the quantity of cooling water is reduced from 10to 
20 per cent compared to steam plants. Furthermore, heating of 
the cooling water can be raised from 160 to 180 F, without altera- 
tion of the temperatures within the circuit. ‘Thus the waste heat 
is given up at high temperature and can be utilized for heating 
purposes. It is particularly worthy of note that the entire quan- 
tity of waste heat can be made use of for heating purposes, with- 
out any modifications having to be made, as compared to opera- 
tion without utilization of the waste heat. The final temperature 
of the cooling water can be raised to any desired level, for in- 
stance, by restricting the recuperation. 

AK-Plant in Connection With Blast Furnace. Inblast furnaces, 
coke ovens, oil fields, and refineries as well as in various branches 
of the chemical industry, large quantities of waste gas result 
from the processes employed. 

Utilization of such surplus gases in open-cycle combustion 
turbines calls for compression of the gases to a pressure amounting 
to a few atmospheres, so that they can be burned in the combus- 
tion chamber which is under pressure. For this purpose the 
gases must be precooled and in the majority of cases also cleaned, 
i.e., all processes which involve considerable additional apparatus. 
In the case of a closed-cycle turbine the hot gases can be utilized 
just as they are, without preparation and compression of the fuel 
for the air heater, i.e., a possibility which increases the thermal 
over-all efficiency. 

A closed-cycle turbine operated with blast-furnace gas can also 
be employed for direct drive of blast-furnace blowers. The 
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arrangement of the turbine stages in conjunction with the com- 
pressor required for the circuit and the blast-furnace blowers, 
which must operate under widely differing speeds and loads, can 
be effected on similar lines to those already described in the pre- 
ceding section concerning marine turbines. In this case also, 
the provision of two sets operating independently of one 
another may prove advantageous, since in this way a possibility 
is offered of attaining favorable thermal efficiencies over a large 
operating range, with regulation of the circuit density at different 
loads. ; 
Another point to which brief reference may be made herein is 
that favorable combinations of blast furnaces, blast heaters, and 
air heaters for the power process can be realized for AK-plants. 


Particulars concerning such projects are to be found in a previous 
article (5). 

Gas Generator and Fuel Producer. When coal is employed as 
fuel it may, according to its nature and quality, prove convenient 
to adopt gas generators in place of furnaces for producing the 
combustion gases for the air heater. In this connection, cleaning, 
cooling down, or compression are not necessary, such as are called 
for when an open cycle is adopted. The produced gas can be 
directly fired in an air heater. 


Remarks Concernine Use or Licur Gases In CLosEp Circuits 


The following remarks concerning the advantages of employing 
other gases are the result of theoretical studies that have been 
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carried out by Professor Ackeret. He has compiled his calcula- 
tions in the following form especially for the purposes of this 
paper: 

For congruent entropy diagrams the efficiency of the closed- 
circuit process is independent of the nature of the gas. When 
assuming congruency, it is taken for granted that the relative 


AT A 
pressure losses Tr and temperature losses sa are the same on all 
P 


heat-transmission surfaces. However, in spite of this, the 
adoption of other gases can prove advantageous because the out- 
put of the plant can be considerably increased at the same 
efficiency and with only slightly changed dimensions. To prove 
this more decisively let us assume that gases of the same atomic 
number, for example, only biatomic or only monoatomic gases be 
employed, the molecular weight m of which can be continually 
changed. For example, by a mixture of helium and argon, m 
could be continually increased from 4 to 40. For gases of the 
same atomic number the magnitudes 
k = (6,/C, and c= as Ge 

Xr 
are as is known independent from m. 

We may observe the heat transmission at a given point of a 
tube having the diameter D which is traversed at said point by 
gases with velocity wu, density p, pressure p; temperature T and 
viscosity 7. Between the wall and the gas a difference in tem- 
perature AJ’ = 0 shall prevail. The following equation then 
applies for the shear stress 


r= C,5 0 


and for the heat transmission per unit of surface according to 
Reynolds and Prandtl 


C, 
= oP pgC,° urd 
uD 
in which for Reynolds numbers of medium size R = ee the 
7] 


following may according to Blasius be inserted 


0.0791 
a W/R 


The expression 


Tee 
acl amimcrpe dee) 


is in small measure dependent only on R and is about 1. Ac- 
cording to Eucken, o is connected with k and may be expressed 
with considerable accuracy by 


For a short tube section the following can immediately be 
ascertained 


d. 
ae 


dp = D 


ZAC, 


Congruence of the entropy diagrams, i.e., the same efficiencies, 
: : d dT ; : 
is realized when “P and Tr are of equal magnitude for the different 
p 


gases. Hereby, however, dx must be somewhat changed. In 
order to utilize the material equally well in all cases, let us further 
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assume that at full load the pressures are also equally large. For 


gases the following equation generally applies 


and in addition for gases of the same atomic number 


C,= = 


m 


d 
Thus if we require for the same tl it follows that 
Pp . 


. -—2G2 wo = oS = 2G 
in which M is the Mach number = M = 5 (a = velocity of 
sound). The same leads to 
dP te @ — = const 
ft Jae JO, 


; G+ dx : : 
in other words, + or, since we can look upon P as being prac- 


j2 
tically constant, ¢, + dz = const for all m; but from the foregoing 


it follows that M = const. 
U 
Thus we have as a condition - = const. But the velocity of 
a 


sound 


a= VgkRT = qov ter 
m 


: : ; Lee 
Consequently the flow velocity must increase with \: if the 
m 


same conditions of pressure and temperature are to be obtained. 
For the element of length the following is obtained : 


We 
GENE Tigre 
D 2G kM? 
dx. ; 
D is thus porportional to 
coud 
a 7 
c 0.0791 


D n 


For the same temperatures the viscosity of gases having the same 
atomic number, with the one exception of hydrogen, differs only 
slightly (for the He-A mixture the viscosity varies between m = 4 
and m = 40 only by about 10 per cent). Thus one can insert 


, : dx J 
with sufficient accuracy > proportional to WV p-u 


From the foregoing we have 


i kas 
m—= = Vm 
m 


D vm 


ie., only a rather small variation in the sense that for lighter 
gases the tubes become somewhat shorter. One sees immediately 
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where the advantage of light gases is to be found. The useful 
output of the machine is, namely, for the same tube diameter, 
proportional to puc,. It is also proportional to 


Thus for lighter gases it will be considerably greater. Let us 
compare, for example, two gases, the molecular weights of which 
are as 1:9, then the velocity of flow adopted for the lighter gas 
must be 3 times greater; the output for the same efficiency be- 
comes 3 times greater and the tube lengths for the heat exchanger 
are reduced by about 25 per cent. The weight of the charge of 
gas in the machine will increase somewhat more than m, becoming 
for this example less than !/9. 

In physics the variation in the output can also be made clear 


possible to employ radial impellers which can be operated up to 
the highest circumferential velocities without detrimental Mach 
effect. 

For the heater tube the same heat-transmission coefficients as 
for water tubing are possible. 

Comparative figures are given in Table 2 to facilitate under- 
standing of the conditions. The comparisons relate to various 
gases and mixtures of gas with air. 

As may be noted from the foregoing there are good prospects 
that further development work, especially in the case of installa- 
tions for special purposes, will lead to higher efficiencies and 
reductions in the size of the plant. These remarks of Professor 
Ackeret confirm the author’s opinion that the present develop- 
ment of the closed-cycle process by no means Yepresents the 
ultimate attainable. 


TABLE 2 COMPARISON OF DIFFERENT GASES FOR THE AK-PROCESS? 


Gas Air He + COz 

Mean molecular weight........ 29 8 
Specific heat, Btu/(Ib) (deg F).. 0.26 0.755 
Ratio of viscosity (T = const) .. 1 1 
Ratio of sound velocity........ 1 2.1 
Adiabatic pressure ratio for tem- 

perature ratio. 06.02 oe = 4 2.92 
Volume, per cent COs (1.45).... ‘ 10 
Number of stages (ratio)....... 1 2.8 
Circumferential velocity....... i 3b, 705) 
Diameter (ratio). .......05.--* 1 0.76 
Revolutions per min........... 1 2.30 

Heat exchanger 
Coefficient of heat transmission 1 1.86 
Number of tubes...... Sitaacrne i 0.66 
en ethioratub estes. .jmicintsnres 1 0.82 
Surface area of tubes (weight) .. 1 0.54 
Heater 

Coefficient of heat transmission 1 1.6 
Number of tubes..........-.-. 1 0.78 
ength, of; tubes) es. fc). tak ser 1 0.82 
Surface area of tubes (weight) .. 1 0.64 


He + CO2 He He 


6 4 2 

0.90 1.25 3.5 

1 1 0.5 

2.4 3 3.9 

2.71 2.52 3.65 

5 ve aire 

3.5 4.8 13.5 Constant circumferen- 
tial velocity 

1.9 2.2 3.7 Constant number of 

0.73 0.68 0.52 stages 

2.6 3.3 (fs 

2.12 2.56 4.35 

0.62 0.56 0.27 (Ratio) 

0.76 0.70 0.85 

0.47 0.30 0.23 

iesef 2.0 4.0 (On one side) 

0.75 0.68 0.30 

0.79 0.74 0.85 

0.59 0.50 0.25 (Ratio) 


@ Machines assumed for equal output, maximum pressure, temperature and triangles of velocity; (6) = 


const, T = const, p = const. 


in the following manner: According to Avogadro, the unit of 
volume for the same pressure and same temperature contains the 
same number of molecules, i.e., also just as many molecule de- 
grees of freedom. Each molecule transports the same energy. 
However, since we are delivering 3 times the volume, it follows 
that 3 times the output will also be converted. 

It is, however, known that in general light gases call for a 
larger number of stages (in the compressors and turbines). This 
is a drawback of light gases. In the case of the compressor, for 
example, the following equation obtains for the number of stages 


ny, = ——— —., In = natural logarithm 


in which 6 represents the adiabatic temperature ratio of the com- 
pressor, ¥ the pressure coefficient. Thus in our case the law 
applies for the compressor (and also for the turbine) that n is pro- 


: iL: ; ; : i 
portional to We in which M = peripheral velocity/sound velocity. 


Since M ~ +/m for the same peripheral speed, the number of 
stages would follow 1/m, becoming, in the case of the example, 9 
times greater. For the turbine there is little hope of deviating 
therefrom, but this does not apply to the compressor. Since the 
peripheral velocity of the axial impellers of the compressor does 
not reach the limit of their tensile strength, the peripheral velocity 
could, without impairing the efficiency by the Mach effect, be 
increased and the number of stages thus reduced. 

As the weight of the machinery is relatively small in the case 
of a highly supercharged AK-plant, the increase in the number of 
stages could be accepted relatively easily, especially if it proves 
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Discussion 


J.H. AnpeRson.‘ The author has made an excellent presenta- 
tion of an outstanding achievement in engineering. Although 
time and further development will be required to determine 
whether the AK-system is to become an economic success, the 
author and his associates deserve only the highest praise for 
the ingenuity and perseverance required to turn this development 
into an engineering accomplishment of such obvious importance. 

While this power plant could be compared to any prime mover, 
it seems most logical to compare it to a modern steam plant, 
for the simple reasons that both are externally fired and both can 
be built in large capacities. By the same logic, the open-cycle gas 


4 Research Engineer, Ingersoll Rand Company, Phillipsburg, N. J. 
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turbine most nearly compares with the Diesel power plant in its 
application and place in the economic structure. 

It is, as the author has already pointed out, almost impossible 
to make an economic comparison between the AK-plant and a 
steam plant at the present stage of progress, but at the same time 
anyone will admit that this must be done eventually. With this 
in mind, it may be worth while to set down a few simple compari- 
sons between the two types of plant. 

Starting at the power unit, we have an air turbine in the AK- 
plant as compared with the steam turbine in the steam plant. 
Basically, the air turbine should be more efficient and cheaper 
for two reasons, i.e., there is no problem of ‘handling liquids 
with attendant corrosion, and the volume ratio of expansion is 
far lower in the air turbine. Both of these considerations help 
to make a simpler and cheaper design possible, which should at 
least balance the problem of handling higher temperatures in the 
air turbine. j 

The air cooler and intercoolers in the AK-plant correspond to 
the steam condenser in the steam plant. Here the steam con- 
denser is obviously much more expensive because more heat 
must be discharged at a much lower temperature difference. 
Also, the air-removal equipment and condensate pump are addi- 
tional accessories required over and above those needed for the 
air coolers. . 

The compressor in the AK-plant corresponds to the boiler 
feed pump in the steam plant. Here the difference would appear 
to be in favor of the steam plant, although this must be sub- 
jected to thorough analysis. 

The boiler, economizer, feedwater heaters, and superheater 
in the steam plant correspond to the air heater and recuperator in 
the AK-system. This is probably the largest question mark 
in a comparison of the two systems. In the air heater we have 
conditions roughly equivalent to those in the steam superheater. 
For this reason we have a higher average temperature difference 
to work with in the boiler. On the other hand, we have a 
lower heat input in the air heater. The recuperator is undoubt- 
edly larger and more costly than the corresponding feedwater 
heaters. All in all, it is probable that the heaters in the AK- 
plant cost more than the corresponding heaters in the steam plant. 
Comments on this point by boiler manufacturers should be of 
great interest. 4 

In the matter of auxiliaries, there would seem to be no ques- 
tion that the AK-plant is simpler and has less of them than the 
steam plant. This would be the case simply because in one 
case we have a liquid-gas plant, and in the other we have a pure 
gas plant. , 

Regardless of the present state of development, there can be no 
question but that the AK-plant is basically simpler to control 
than is the steam plant. Here again we have the simple reason 
that a gas is used throughout the system, instead of both a liquid 
and a gas. : 

It is difficult to make predictions on maintenance costs. 
However, it is probably safe to say that more machinery trouble 
is encountered from corrosion, wear, and solid deposits in any 
system where both liquid and gas are present than in a system 
where gas alone is present, and this is especially true in any 
system where variable temperatures are present. The problem 
of deposits on steam-turbine blades is a serious one which can- 
not be overlooked. While it is granted that the AK-system must 
operate with some higher metal temperatures than the steam 
system, it is probable that this will not cost as much in main- 
tenance as other troubles in the steam plant. : 

It is perhaps foolish to pass judgment on the basis of the 
simple comparison here given, but even such a comparison 
should be enough to show that the AK-system deserves most 
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careful consideration as an immediate competitor of the steam 
power plant. 

The author has quite properly pointed out that the shaft seals 

_ are a critical component of this plant. This is obvious when one 

| considers that there are probably 10 seals under high pressure. 
The ingenious method of using an oil seal at the lowest pres- 
sure in the system should make the seal losses roughly equivalent 
to those of an open-gas-turbine system. It would be interesting 
to learn what percentage of the losses was ascribed to the seals, 
and what clearances had to be maintained in the labyrinth pack- 
ing to obtain this value of the losses. 

The author has mentioned that. the efficiency of an axial com- 
pressor dropped from 86 to 83 per cent during only 12 hr of opera- 
tion in their shops. This does not seem to correspond fully with 
the experience of some others. For this reason it would be of 
value to have a further explanation as to how this drop in ef- 
ficiency could be accounted for. 


F. T. Hacur.’ The author’s and Mr. Gygi’s® visit to this 
country is both welcome and significant, in that it promises to 
focus increased attention on the study of gas-turbine power 
plants. The presentation of the paper, disclosing test results 
on a 2000-kw closed-type-cycle gas-turbine power plant, is 
evidence that the gas turbine for primary power generation 
is rapidly developing toward maturity. 

It is becoming increasingly apparent that the complete gas- 
turbine power plant, which was a newcomer in this country 3 
years ago, is making giant strides in being reduced to practice in 
several important lines of endeavor. Military releases have 
identified it as the fighting aircraft power plant of the future. 
Commercial interests view the prototype tests of propeller-drive 
gas turbines as a further boon to commercial aviation. In the 
locomotive field, powerful, compact gas-turbine power plants are 
currently being built. A high-efficiency open-cycle type of gas- 
turbine power plant has been demonstrated within the year, giv- 
ing promise of application in fields of industrial power generation, 
and ship propulsion. The gas-turbine plant of which Escher 
Wyss has built a prototype, is the first reduction to practice of a 
design from which coal-bumming central-station-type units of 
from 10 to 50,000-kw capacity may ultimately become a reality. 

The author and his colleagues deserve high commendation for 
their engineering foresight in taking steps to reduce this type of 
gas-turbine power plant to practice several years before it was 
being given serious consideration elsewhere. It is only fitting to 
acknowledge that this foresight has given these engineers several 
years’ time in which to study the theoretical and practical prob- 
lems connected with this development. Their viewpoint on its 
ultimate accomplishment may well be more realistic than those 
who have been considering it for a shorter length of time. The 
fact that 98 per cent of Switzerland’s power generation is water 
power presumably limited their combustion research with pul- 
verized coal. 

The proposed closed-cycle gas-turbine power plant is simple 
for engineers to understand who are already familiar with the 
open-cycle type of system. This closed-cycle system differs 
from open-cycle systems in one major respect; the physical size 
of the rotating and heat-exchange machinery is decreased as the 
system pressure is elevated. It is this characteristic of the closed 
cycle which makes it possible to build turbines and compressors 
for a 50,000-kw unit of smaller physical size than for a 5000-kw 
open-cycle unit. The closed-cycle type of system has its ef- 
ficiency level affected in exactly the same manner as the open 


5 Assistant to Vice-President, Westinghouse Electric Corporation, 
Mem. A.S.M.E. : ; ‘ 

6 Managing Director, Escher Wyss Engineering, Zurich, Switzer- 
land. 


cycle with respect to any changes in maximum temperatures, 
compression ratio, intercooling, reheating or regeneration Like 
all good things, it is basically simple. This in no way detracts 
from the brilliance of the initial conception. 

There are metallurgical limitations in the building of any high- 
temperature gas turbine. These are definitely less serious when 
the physical size of the parts is reduced. It may not be too 
much of an estimate to say that the metallurgical problems of 
a 25,000-kw closed-cycle plant will be comparable to those of a 
5000-kw open-cycle plant. This is a favorable characteristic. 

The practicability of the closed-cycle system may ultimately 
be determined by the problems assqciated with getting the heat 
from the fuel into the system. The author has elected to intro- 
duce the heat through an externally fired air heater, thus offering 
the possibility of using the cheapest grades of liquid fuels or pul- 
verized coal. Such an air heater requires extensive use of high- 
priced stainless steel for temperatures above 1000 F. The pre- 
cautions which must be taken to protect the tubes of such a gas- 
to-air heater from overheating, pose a difficult set of problems to 
the air-heater builder in designing an air heater comparable in 


‘both size and cost to a steam generator of equal plant capacity. 


Engineers interested in the development of a gas-turbine power 
plant will wait with interest to see how our air-heater manufac- 
turers can meet these requirements at an economic cost when 
burning pulverized coal. Much, if not all, of the ultimate part 
that will be played by this cycle in primary power generation may 
well rest in the satisfactory solution of this air-heater problem 
when burning pulverized coal. 

It is not to be expected that this and possibly other problems 
associated with this new form of gas-turbine power plant can be 
solved overnight. The problems involved in developing the 
steam cycle to its present level of performance and reliability 
required a long time for solution. We should, with equal con- 
sideration, concede that problems in connection with this new 
system which, at first glance, look to be formidable, may after 
further study actually yield to research and development. The 
engineering profession is learning to be optimistic regarding 
the possibilities of development of the gas turbine, and that opti- 
mism should be extended to studies of this new type of system. 


M. L. Ireranp, Jr.7 The closed-cycle process at present ap- 
pears to be the most practicable means to obtain single plant 
outputs in excess of about 6000 hp, and the author’s company 
has shown unusual foresight in concentrating its efforts on this 
design, 

For central-station applications this cycle offers the prospect 
of thermal efficiencies exceeding those now attainable with the 
most modern steam plants and this may well warrant the high 
development costs which must be incurred. 

The prospect for closed-cycle marine gas-turbine power plants 
in excess of about 6000 hp appear to be less favorable for strictly 
commercial applications. Some idea of the initial cost and the 
operating and maintenance problems of such a plant can be 
gained from a comparison of the major components with the 
corresponding items of a steam-turbine plant for superheater 
conditions of 700 lb 850 F, as follows: 

1 From the author’s Fig. 35 we find that two air turbines are 
required which, though smaller in size, are probably more costly 
than the cross-compound steam-turbine unit because of the 
higher-temperature materials required. 

2 Four air-circuit compressors and three intercoolers are re- 
quired which correspond in function to the condensing and feed- 
water heating and pumping units of the steam plant. The cost of 


7 Engineering Technical Division, Newport News Shipbuilding 
and Dry Dock Co., Newport News, Va. Mem. A.S.M.E. 
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the compressors will probably more than offset the reduction in 
heat-exchange equipment, even when the increased circulating- 
water requirements of the steam plant are taken into account. 

3 Even when pressure charging is employed, the air heater 
and regenerator when taken together appear to about equal the 
total heating surface, including air heaters of about 2 sq ft per hp, 
which is required for a steam plant of this size. Judging from the 
percentage of high-temperature materials required for the air 
heater, the cost will compare quite unfavorably. 

4 ‘The pressure-charging set for the air heater is understood 
to be necessary to reduce the dimensions of this unit, but this is 
felt to introduce undesirable complications for a marine unit 
which already contains so many novel features. In particular, 
it is believed that the pressure-fired boiler will be more sensitive to 
pressure and flow changes in the air circuit with consequent in- 
creased risk of damage to tubes subject to high thermal loading 
on the fuel-gas side. 

5 There remain the high- and low-pressure accumulators, 
the control unit and the starting motor, which may be compared 
with the throttle and combustion-control elements of the steam 
plant. 

When itemized in this way it is difficult to believe that the 
initial cost of the closed-cycle marine unit will compare at all 
favorably with a steam-turbine plant for, say, 700 psi 850 F at the 
superheater. The operating requirements appear to be quite 
similar, as in both cases primary control is applied to the weight 
flow of the working medium and the fuel control follows with a 
certain inevitable time lag. Considering the relative number of 
major rotating elements and the fact that combustion gases must 
pass over heat-exchanger tubes in both cases, there does not ap- 
pear to be any evident advantage as regards maintenance. 

The advantage in thermal efficiency over the conditions out- 
lined for a steam plant is large, being approximately 15 per cent, 
but there remains a question, in this writer’s mind at least, whether 
this will not be absorbed by increased capital charges and main- 
tenance expense. 

A substantial saving in weight is indicated which will be of 
importance for vessels carrying heavy cargoes. However, the 
fore-and-aft length of the closed-cycle unit in Figs. 35 and 36 
is about 5 ft longer than the machinery compartment for a stand- 
ard C-3 steam-turbine-driven cargo ship with 8500 shp. A con- 
siderable portion of the wing spaces abreast of the main plant 
will be required for generators, pumps, compressors and other 
ship’s machinery and would be of little value for cargo space in 
any case. Therefore, in a cubic-capacity trade, the closed-cycle 
plant would probably be at a slight disadvantage. 

In general it would appear that these factors can be considered 
only when a specific vessel and trade are under consideration 
and therefore should not be cited as intrinsic advantages or dis- 
advantages of the closed-cycle plant as compared to a steam- 
turbine unit. 

It is encouraging that the development of the controllable- 
pitch propeller has also been undertaken by the author’s company 
and it is hoped that he will shed some light on one feature of this 
equipment which has given much cause for concern. During the 
process of reversing the propeller pitch it is necessary to move the 
blades back through the angle of zero lift, while the ship is still 
making headway. For a brief interval, while the blades are not 
fully reversed, they would appear to be receiving energy to drive 
the shaft which would result in an acceleration of the shaft speed. 

If the pitch control should become jammed in this position 
it would appear that dangerous overspeeding of the unit might 
occur. This situation would appear to be more critical for a gas- 
turbine plant than with Diesel engines which are believed to be 
the type of power plant to which the controllable-pitch propeller 
has so far been mainly applied. 
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JosepH Kayp.8 This paper presenting a statement of the 
status of the closed-cycle gas-turbine power plant, brings to 
mind some interesting questions which it does not answer di- 
rectly. (a) Does the closed-cycle gas-turbine plant possess any 
marked improvement in efficiency in comparison with other 
power plants of a similar nature, such as a steam power plant? 
(b) Is the size of the closed-cycle gas-turbine plant smaller than 
that of a comparable steam plant? 

The closed-cycle gas turbine might also be compared with the 
more widely known combustion-gas turbine in regard to fuel con- 
sumption and size. However, such a comparison would be in- 
conclusive at best, since different fuels are used at present for the 
two plants, and since the primary functions of the two plants are 
not similar. It should be noted that the closed-cycle gas turbine 
and the steam plant utilize the same fuels, perform the same 
primary functions, and possess parallel component parts. 

For purposes of comparison, the following two power plants 
may be selected: 

(a) The proposed closed-cycle gas turbine, shown in Fig. 10 
of the paper, involves four compressors with three intercoolers, 
two turbines with two heaters, and a regenerator with an as- 
sumed effectiveness of 90 per cent. In addition @ precooler is 
necessary at the entrance to the first compressor. The inlet 
temperature of each turbine is 1200 F, and from the data given in 
Fig. 10 the turbine efficiency is about 93 per cent and the com- 
pressor efficiency is about 90 per cent. 

(b) The second power unit is the customary condensing steam 
power plant with one reheater present. For the purpose of this 
comparison the temperatures and pressures at each turbine 
inlet are taken as those in Fig. 10 of the paper. The condenser 
is assumed to operate at 1 in. Hg, and the feedwater pump to have 
an efficiency of 90 per cent. Regenerative feedwater heaters are 
omitted for simplicity; their effect on efficiency can be easily i 
estimated from known data. The pressure drops in the boiler, 
superheater, and reheater are equal to the corresponding pres- 
sure drops in the high-pressure side of the regenerator, first 
heater, and second heater, respectively, as given in Fig. 10. 

The efficiency of the proposed closed-cycle gas turbine in (a) 
is about 39 per cent allowing for external losses. 

The efficiency of the steam power plant in (b) is about 38 
per cent for turbine efficiencies of 93 per cent, and is about 35 per 
cent for turbine efficiencies of 85 per cent, allowing in each case for 
external losses. These efficiencies could be increased by 10 per 
cent through the introduction of several regenerative feedwater 
heaters. The efficiency could also be increased somewhat by the 
readjustment of the pressure ratios for the two turbines ‘to yield 
the maximum steam cycle efficiency for the same temperatures. 

On the basis of efficiency, the proposed closed-cycle gas tur- 
bine in (a) represents no marked improvement over the com- 
parable steam plant in (6). 

The power units in (a) and (6) may be compared on the basis of 
size. Consider first the turbines and compressors of (a) and the 
turbines and feed pump of (b). The turbines of (@) must de- 
liver several times the power of the turbines in (6) for the same 
net power of the complete unit, since the power consumption of the 
feed pump in the steam unit in (b) is negligible compared to 
the power required to drive the compressors of the gas-turbine 
unit in (a). In other words, for a net power of 2000 hp, the tur- 
bines in the steam plant in (b) will deliver slightly more than 2000 
hp, whereas the turbines of the unit in (a) must deliver about 
4000 hp, and the compressors will absorb about 2000 hp. Even 
if the specific weight of the turbines in (a) is less than that for the 
turbines in the steam unit in (6), it is apparent that the steam - 
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plant has a decided advantage with respect to size of its prime 
movers. 

Censider next the size of the heat-transfer units of the closed- 
cycle gas turbine in (a) and of the steam plant in (6). Both units 
have a heater in which heat is transferred to the working fluid at 
high temperatures. Both units have a cooler for rejecting heat 
from the working fluid; in the case of unit (a), this cooler com- 


prises the precooler and intercoolers, while for unit (6), it is the . 


condenser. Moreover, the gas turbine in (a) has an additional 
piece of heat-transfer equipment, the regenerator. 

For equal heat flows and similar constructional details, the 
size of the heaters and of the coolers will be determined mainly 
by the major resistances to heat transfer. Under these conditions 
the size of the heater of the gas turbine in (a) will be larger than 
that of the steam plant in (6) for several reasons: The thermal 
resistance of the high-pressure gas of the heater in (a) will be 
larger than the resistance of the high-pressure vaporizing fluid 
in the steam plant in (b). Then, the use of high-pressure com- 
bustion to reduce the thermal resistance on the flue-gas side of 
the heater is applicable to the steam power unit in (6) as well as 
to the gas turbine in (a). For equal heat flows and similar con- 
structional details the combined size of the precooler and inter- 


reheat intercool cycle using the same or somewhat lower maximum 
pressure than that of the closed cycle. 

In Table 3 of this discussion a comparison is given of the inlet 
volume of different gas-turbine cycles, as well as steam cycles, 
taking the author’s data for the 8000-shp unit as a basis. 

The table shows that the inlet volume of the open cycle, using 
the same maximum pressure as the AK-cycle, is only about 20 
per cent higher than the combustion air volume of a steam-turbine 
plant operating at maximum load. As higher velocities in the 
ducts may be used for a gas turbine, the ducts will be of about 
the same dimensions as those of the steam plant. 

Compared with the closed cycle the efficiency of the multiple- 
reheat-intercool cycle will be considerably higher, amounting 
to 10 to 15 per cent for the example just given. On account of 
the low air rate this combination is ideal for very large gas tur- 
bines. 

As regards coal-firing, it should be noted that the open cycle 
also may be fitted with an external air heater if that should be 
required. In this case the additional heat losses due to com- 
bustion air amount to only a few per cent, as hot air from the gas- 
turbine exhaust may be used as combustion air in a “‘tail-end” 
boiler. 


TABLE 3 COMPARISON OF VARIOUS GAS-TURBINE CYCLES? 


, Compressor- Combustion- 
Air air-inlet air-inlet Thermal 
pressure, Pressure Air rate, volume, volume, efficiency, 
Cycle psi ratio lb per hphr cfm cfm per cent 
AK-double heat..... 600/60 10 33 15000 14000 33 
Reheat intercool, 4-3- 
ORB SE. lteelesetatatercset- 600/14.7 41 18 SLOOOe Pere rar... 38 
Reheat intercool, 3-2- 
OF Siaieraniete atete ester. 250/14.7 17 24 STOO Mere 8) tierce: 37 
Steam maximum load 14.7 ST iG Bro le BcacoD 26000 17 
PAST Seo sofoh Pa atevenesace 19000 23 


Steam, normal load. . 


@ The data in this table have been computed with a turbine efficiency of 88 per cent, and a compressor 


efficiency of 83 per cent. 


coolers of the gas turbine in (a) will be larger than the size of the 


condenser of the steam unit in (b). These heat-transfer units use 
water as the cooling agent, and they will have about the same 
thermal resistance on the cooling-water side. However, the ther- 
mal resistance of the low-pressure gas in (a) will be consider- 
ably greater than the resistance of the condensing steam in (0). 

In conclusion, if the large size of the regenerator of the closed- 
cycle gas turbine in (a) is considered, it is apparent that the over- 
all size of the equipment for the closed-cycle gas turbine in (a) 
will be greater than the size of the steam plant in (6) without a 
compensating gain in efficiency. 


Aur LysHoum.? In the writer’s opinion the high thermal ef- 
ficiency is to a great extent due to the perfect aerodynamic de- 
sign, especially of turbine and compressors, as well as to the 
high-efficiency 90 per cent regenerator, which has counterbal- 
anced the inherent unavoidable losses of the closed cycle. These 
losses are as follows: 


1 Losses in the externally fired air heater. 

2 Aftercooler losses, including the loss caused by a higher 
inlet-air temperature of the first compressor, as compared to the 
open cycle. In cases where the cooling-water temperature is 
lower than the air temperature a precooler could be used with 
advantage for the open cycle. : 

3 ‘Feed’’-pump losses. 


The author states that the inlet volume for the open cycle is 
many times higher than that of the steam-turbine cycle. That 
is correct for an open simple gas-turbine cycle, but not for the 


9 Consulting Engineer, Stockholm, Sweden. 


Frepprick Nerren. The author mentions that the double- 
isotherm cycle (in which we recognize the Ericsson cycle) is in its 
theoretical form equivalent to the Carnot cycle, and seems to 
claim on this basis some sort of superiority for it. It must be 
kept in mind that the approach to the Carnot cycle is realized by 
assuming not only ideal compression and expansion, but also 
100 per cent recuperation. 

Under the same assumption, however, even the simple Bray- 
ton cycle approaches Carnot efficiency as the pressure ratio de- 
creases. For thermodynamical purposes Fig. 3 can be interpreted 
as agglomeration of three Brayton cycles. 

Any basic superiority of the double-isotherm cycle appears 
doubtful from this viewpoint, apart from quite fundamental 
additional considerations which enter the question as soon as 
even slight deviations from 100 per cent efficiencies are contem- 
plated for compression, expansion and recuperation. 

On the basis of fundamental thermodynamic research (the 
results of which are not yet released) it must be said that it is 
even doubtful whether any of the’ two cycles is particularly 
suited to approach Carnot efficiency with a minimum of heat- 
transfer surfaces, and in particular it must be doubted whether 
the intentional complete omission of any adiabatic compression 
is always helpful. Let us consider only the last stage of an iso- 
thermal compression. There we carry away compression heat 
by cooling, only to replace it immediately thereafter by heating. 
This is all right as long as the heating is obtained, so to speak, free 
of charge by 100 per cent recuperation, but if we have only 90 o1 
80, or 70 per cent recuperation it is sheer waste of heat. This is 
only one of the reasons why the Ericsson cycle is not the ideal to 
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strive for in practical plants. Approaching a cycle which is best 
under ideal conditions does not give the plant that is best under 
conditions prevailing in practice, namely, with finite efficiencies 
of the components. 

The interrelations between the method of intercooling, re- 
heating, and recuperation, if applied simultaneously, are much 
more complex than it would appear from the presentation of the 
AK cycle, and that is the reason why the writer arrives at ap- 
preciably different results in setting up optimum conditions for 
open as well as closed cycles. 

The author speaks of the supercharged closed cycle as “an 
important new feature” and mentions as its “chief characteris- 
tic” the changing of the density of the working fluid in accord- 
ance with the load to be furnished. Without wishing in the 
least to detract from the fact that Ackeret and Keller have intro- 
duced this principle for air ‘“‘turbines,” we must face history by 


mentioning that the closed cycle and density regulation were actu- 


ally anticipated for air “engines” decades ago. However, this 
is not the place to go into details, and that does not change the 
fact that the application of this principle in a properly modified 
form has outstanding promise for high-power air turbines. In 
commenting on the merits of the AK cycle, its demerits and 
limitations need also to be given due consideration. 

The utilization of coal as fuel is imperative if the gas or air 
turbine is ever to play an important role as a prime mover. 
The author points to the radical decrease in the size of heat ex- 
changers and the favorable heat transfer to highly compressed 
air. He touches on the necessity to preheat the combustion air 
in the air heater furnace.44 Since the stack gases from the 
furnace and the combustion air have to exchange heat near at- 
mospheric pressure, this air heater does not profit in any way from 
the supercharging of the power cycle, and the necessary heat- 
transfer surface will be of the same magnitude as that of air 
heaters used in steam boilers. We know that those air heaters 
have surfaces which often are multiples of the boiler heating 
surfaces proper, and we know too that they determine the fur- 
nace efficiency, not only in steam power plants, but equally in 
air-turbine power plants of the AK-type. However, this is not 
necessarily the case in other closed or semi-closed plants of a 
modified layout and hook-up. 

With reference to the section of the paper on operating cycles 
of the AK process: Two intermediate coolers and a pressure 
ratio of about 3 to 4 are mentioned as the most favorable for the 
simplest air-turbine plants. The author does not give any basis 
for this statement. Actually the best pressure ratio varies 
widely with recuperator effectiveness, top temperature at tur- 
bine inlet, turbine and compressor efficiencies, etc. 

In practice an “oversize” heat exchanger can be made to cover 
up nearly any deviation from optimum layout, and this is what 
appears to have been done in the 2000-kw experimental AK plant, 


where a recuperator of close to 90 per cent effectiveness is being. 


used. While a recuperator of 75 per cent effectiveness is already 
pretty large, one of almost 90 per cent is definitely oversize. 

Now the author may reply that his recuperator is as such much 
smaller than those required in open gas-turbine plants due to the 
much better heat transfer resulting from supercharging. How- 
ever, this would be beside the point if it can be shown that an 
equal or better efficiency can be reached in a similar plant of 
modified layout with smaller transfer surfaces; and that can be 
shown. : 

Actually, in a similar manner as indicated by Soderberg-Smith 
for open cycles, the optimum pressure ratios increase with in- 
creasing refinements (intercooling and reheating) but fall with 


1’ Without, however, mentioning the conditions under which this 
must be done. 
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rising effectiveness of the recuperator, and there is no short cut 
to fixing a ratio at 3 to 4 as “most favorable.” 

All Sankey diagrams show high furnace efficiencies obtained 
by air preheaters for the combustion air, but the text gives no 
indication of their size and the degree of air preheat. 

In view of the foregoing, it is difficult to understand Fig. 9 
fully. In the “Index of Figures” (referring to Fig. 9) a minor error 
(due probably to translation) has crept in. Only a small At, = 
18 deg F in combination with a large eg = 10 per cent can lead to 
the same curve 2 as a larger Atz = 36 deg F in combination 
with asmallere, = 5 percent. The same holds good for curve 3. 

With reference to air heaters: Under this section the influence 
of preheated combustion air is stated “to lead to an increase in 
the furnace temperature,’ and that in plants burning pulver- 
ized coal “such preheating of the secondary air is desirable,” 
since it permits a reduction in the size of the combustion chamber. 

Every reason for favoring air preheating given is sound, but 
the most important fact, namely, that the AK plant would badly 
disappoint in efficiency without such a very large air preheater, 
may escape notice as the author proposes ‘“‘not to deal further 
herein with the details of coal-fired air heaters.” 

There can be little doubt that supercharging of the air heater 
on the gas side has great merits for marine plants. However, the 
problem of regulation of the supercharging set and the problem 
of very low loads, for example in naval plants, is one of the most 
complicated that awaits solution. Probably the author did not 
go into these details as outside the scope of a general paper. 
It is in any case necessary for us to realize that supercharging of 
air heaters in closed or semiclosed air-turbine plants deserves 
closest attention in the future. 

Do the figures 1.5 to 3 sq ft of heat-transfer surface per kw 
include the air preheaters for the combustion air? 

Governing: The size of the air accumulators for a 50,000-kw 
plant would be interesting to know if we consider the possible 
tripping of the generator circuit breaker twice or three times 
within, say, !/ hr. 

The writer will conclude with some remarks regarding the ef- 
ficiency curves in Fig.7. According to the author, without alter- 
ing the temperatures the efficiency of the plant should be almost 
equally high at part loads as at full load. 

The curves, while comparing very well indeed with those of 
other prime movers, will necessarily show a steady drop with the 
load. The reason is simple enough; if at full load the tube ma- 
terial in the air heater is thermally fully utilized, a certain safe 
limiting wall temperature is reached. At lower loads the air den- 
sity drops and with it the heat transfer from wall to air, and if we 
try now to maintain the top heating temperature the wall tem- 
perature would rise beyond a safe limit. Since that is inad- 
missible, a lowering of the top temperature becomes imperative, 
resulting in a somewhat lower efficiency. 

While curve (a) isshown as a horizontal, this would seemattaina- 
ble only if at ful] load the tube material would not be thermally 
fully utilized, thus admitting higher wall temperatures at partial 
loads. Whether or not a plant should be designed in this way 
will depend primarily on the load diversity factor of the plant 
during operation. 


J. K. Sauispury.!2 After one has mastered the prerequisite 


elements of engineering, the problem of design of power-generat- 


ing equipment becomes primarily one of economics. It is well 
recognized that any power plant consists primarily of a means 
for supplying heat to a system, and an accompanying means for 
rejecting less heat than is supplied. The difference between the - 
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heat supplied and the heat rejected is equal to the power gener- 

ated, according to the fundamental laws of thermodynamics. 

In many cases the supplying of heat to a system and the rejec- 

tion of heat from a system requires the use of indirect heat-trans- 

fer surfaces. Both the weight and the quality, as well as the 

degree of fabrication of the materials which go into these heat- 
_ transfer surfaces determine to a large extent the cost of the power- 
_ generating system. 

Typical exceptions to the generalization that power plants 
require heat-transfer surfaces are the open-cycle gas turbine and 
the Diesel engine. In these plants heat-transfer surface is not 
required because the heat generated within the working fluid is 
transferred by direct contact, thus eliminating an expensive 
type of surface, which must be suitable for operation at high 
temperatures, for high efficiency. Both of these power plants 
reject heat to the atmosphere through the medium of the ex- 
haust gases. In the case of the Diesel engine, an appreciable 
portion is also rejected to the cooling water. Obviously, both 
of these plants thus eliminate a large item of expense. 

Consider the general proposition of the transfer of heat 
through an indirect heating surface in the type of power plant 
which requires it. According to the well-known equation of 
heat transfer, the heat transferred Q, is given by the expression 


Ot CAAT 


The last two factors in this equation represent material for inter- 
esting speculation. By increasing the value of A we can de- 
crease the value of AT, with constant heat input @. When we 
increase the surface area A, we increase the cost of the power 
plant; at the same time we reduce the value of the temperature 
difference AT; according to the second law of thermodynamics 
this improves the efficiency of the power plant. It is readily 
apparent that we may exchange cost of the power plant for 
efficiency of the power plant; when the cost increases the ef- 
ficiency improves, when the cost decreases the efficiency becomes 
poorer. This principle is particularly apparent to any student 
of gas-turbine cycles, although it is also applicable to steam power 
plants. 

The first factor in the heat-transfer equation, the heat-transfer 
coefficient U, is ordinarily not considered to be susceptible of 
much improvement. However, the author has, in the design 
of the plant described in the paper, indicated a method whereby 
U may be increased without appreciable direct cost. By in- 
crease of the pressure level in the system the heat-transfer co- 
efficient is increased almost in direct proportion, thus reducing 
the value of A required for a given rating and efficiency. In 
other words, the use of the pressure cycle in which heat-transfer 
surfaces in regenerators are reduced by the use of high pressure 
on both sides of the surface, is considered to be of importance 
in the gas-turbine field. This principle permits realization of 
high efficiency without the usual accompanying high cost of the 
regenerator. 

The engineering of the plant described in the paper indicates 
an acute awareness of the factors which are effective in yielding 
a high-efficiency power plant. The engineering of this plant 
cannot be questioned because in the first place the power plant 
has successfully performed, and in the second place the plant has 
produced a high efficiency. The author and the Escher Wyss 
Company are to be sincerely congratulated on their achievement. 
The advantages of this plant, in order of importance, seem to the 
writer to be as follows: 


1 Control of output by variation of density, thus maijntain- 
ing constant internal efficiency. (It is obvious that there is no 
inherent advantage in efficiency at a given load due to the use 
of the pressure cycle.) 


2 The probable ability of the plant to burn coal. 

38 The reduction in heating-surface cost per kilowatt. 

4 The use of clean air in the circuit, avoiding decrease of com- 
pressor and turbine efficiency with use, and justifying the use of a 
larger regenerator. 

5 The possibility of building units in larger ratings. 


Although the engineering of this plant cannot be questioned, 
the economic situation does appear to be open to question, 
especially in the United States. It is recognized that any gas- 
turbine plant is handicapped by the requirement of a compressor 
rated at about 2/3 of the total gross power output of the turbine. 
Thus the sum of the ratings of the compressor and turbine in 
nearly any gas-turbine plant is equal to about 4 or 5 times the 
net output. Intrinsically therefore the gas-turbine power plant 
uses machinery which, on the basis of its rating, should cost sev- 
eral times that of the turbine in a steam plant of the same rating. 
In the open-cycle gas-turbine plant this higher cost is partially 
offset by the elimination of expensive heat-transfer surface such 
as the boiler. 

The closed-cycle plant suffers the same disadvantage, with 
respect to the cost of the rotating machinery, as the open-cycle 
plant and, in addition, requires the use of expensive indirect heat- 
transfer surface in the air heater. In the writer’s opinion it is 
highly questionable whether this air heater, or one of similar 
capabilities, could be built in the United States for less than $75 
per kw of plant rating. This price, when added to the higher 
price of the rotating machinery and regenerating equipment, 
would seem to make the total cost of a power plant of this type 
considerably higher than the usual price for steam power plants 
in the United States. The apparently higher fixed charges on 
such a plant would mitigate against its economic application in 
either industrial or central station plants, particularly the former, 
where the fixed charges are usually taken to be a higher percent- 
age than in the central-station industry. 

Even with the higher fixed charges, which in our judgment 
would obtain, such a plant might be acceptable, especially where 
the fuel cost is high, if it were impossible to build a plant with this 
efficiency in any other manner. Our studies, however, indicate 
that with equal ease a 2000-kw steam plant can be designed 
having an efficiency equal to that of the Escher Wyss closed-cycle 
plant. Such a steam plant would be designed for a somewhat 
higher pressure than the experimental plant operated in Switzer- 
land, but for a lower temperature, to compensate for the higher 
pressure; the material requirements would be no more stringent 
than in the author’s plant. The inlet steam conditions would be 
600 psig 1200 F, and the exhaust pressure 0.66 in. Hg. 

This exhaust pressure, according to our estimate, could be ob- 
tained with the temperature of the cooling water used in the 
Escher Wyss test plant. Using a turbine efficiency which in- 
cludes some margin, a good feedwater-heating cycle, 5 per cent 
auxiliary power, and 92 per cent dry-boiler efficiency (equivalent 
to about 86 per cent on the usual basis), the thermal efficiency 
of the steam plant was found to be 30.4 per cent. While on first 
thought the superheating of steam to 1200 F seems to be dif- 
ficult of accomplishment, it must be realized that in this country 
steam superheaters have already been built with an outlet tem- 
perature of 1400 F, for special applications. Furthermore, the 
quantity of heat which must be put into the superheated steam at 
high temperature, for a unit of energy output at the generator 
terminals, is considerably less, as will be shown. 

The degree of severity of the metallurgical problems in the re- 
spective plants is described quite clearly by a statement of the 
relative quantity’of heat put into the working fluid between given 
temperature limits, per unit of net energy output. One inter- 
esting way in which this may be done is to express the energy in- 
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put in units of kilowatt-hours, in order to make this energy 
directly comparable with the output of the generator. Since 
modern metallurgy does not recognize temperatures below 900 F 
as a problem, these temperatures will not be considered. In 
Table 4 of this discussion is included a mercury-steam plant, 
in which a mercury-vapor cycle is superposed on the 600-psig 
1200 F steam cycle. While the writer’s company is not prepared 
to build such a plant today, it is of academic interest in that it 
indicates the considerably smaller quantity of heat supplied at 
high temperatures in this cycle, despite the very high thermal ef- 
ficiency of the plant. ; 


TABLE 4 COMPARISON OF QUANTITY OF HEAT SUPPLIED AT 
VARIOUS TEMPERATURES PER UNIT ENERGY OUTPUT 


(Kwhr of heat supplied per kwhr at generator terminals) 
500 psig — 1200 


Escher-Wyss F mercury super- 


Temperature aerodynamic 600 psig —1200F posed on 600 psig 
range, deg F turbine plant steam plant —1200 F steam 
plant 
900-1000 0.578 0.131 0.119 
1000-1100 0.584 0.132 0.119 
1100-1200 0.590 0.131 1.464 
1200-1268 0.405 0 0 
Total, above 900 2.16 0.394 1.70 
Plant thermal ef- 
ficiency, per cent 30.5 30.4 37.8 


This table is of great interest because it indicates that in a 
steam plant, designed for the stated steam conditions, only 
about 1/; as much heat per net kilowatt of output is required to 
be transferred at temperatures above 900 F. Even in the mer- 
cury-steam plant, which has a thermal efficiency considerably 
better than that of the closed-cycle plant, the heat transferred at 
temperatures above 900 F is considerably less, although admit- 
tedly a large proportion of the heat is transferred at 1200 F. 
This heat transfer, however, occurs from gas to boiling liquid, 
so that the metal temperatures approximate the boiling- 
liquid temperatures. 

The writer would like to ask the author several detailed ques- 
tions. In view of the fact that the average steam plant has a 
total heating surface in the boiler and the condenser of about 
2 to 2.5 sq ft per kw of plant rating, what is the corresponding 
figure for the Escher Wyss plant, including regenerator, air 
heater, combustion-air heater, intercoolers, and precooler? Since, 
according to previously published information, the combined pres- 
sure drop on the high-pressure side of both the regenerator and 
air heater of the test plant was only 3.5 psi, how is this recon- 
ciled with the 10 to 15 psi pressure drop mentioned by the author 
for the air heater only? Published figures indicate that the re- 
circulating-fan power in the test plant was only 2 kw, or 0.1 
per cent of the net plant output. American experience in this 
connection has indicated that recirculating-fan powers are usually 
very much higher than this percentage. Will the author under- 
take an explanation of how such low fan power was achieved? 
Calculations by the writer indicate that the mechanical ef- 
ficiency of the rotating machinery, based on the net generator out- 
put, is approximately 86 per cent. Even when all of the me- 
chanical losses in the turbines are charged against the sum of the 
powers of both the turbines and compressors, the mechanical ef- 
ficiency is only 97.4 per cent, a rather low value. Will the au- 
thor state whether this low value is due to the oil seal used on the 
shaft ends or whether there is some other reason for the high 
losses? 


AvuTHOR’s CLOSURE 


General. It is not an easy matter for the author to answer the 
many questions posed in the long discussions of this paper in as 
exhaustive a manner as he would like to do. The principal reason 
for this is the fact that this new system of gas turbines is actually 
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still at the beginning of its practical development. Therefore, 
not all of the elements have found their final form. The field of 
application is very large and, always considering the principle of 
the high-density circuit, many solutions are possible. It is im- 
possible to give definite and general answers, for example, for the 
best layout or for prices. They may vary widely with given con- 
ditions, such as cooling-water temperature or supply, air tempera- 
ture, efficiencies asked for, necessary weight, etc. 

A crew of engineers has worked for more than 10 years and 
not under favorable conditions, on this project to bring it to its 
present state, namely, actual installations in industrial plants. 
The deeper we went into details in our studies, the more we 
found, not only from the technical and physical but also from the 
economical point of view, that the closed-cycle power unit offers 
many operating advantages as well as higher efficiency, as com- 
pared with steam turbines and open-cycle combustion gas tur- 
bines in many applications, especially for ship propulsion and 
stationary plants. 

It is an honor and a pleasure for us to see what great interest 
has been created by our visit to America, and in the discussion 
with many famous scientists and engineers... These discussions 
developed many new and helpful ideas for us and we derived some 
very useful data, especially from the metallurgists. All this en- 
courages us to an optimistic outlook regarding broader realiza- 
tion of our objectives. We are much impressed and thankful for 
the open-minded criticism. 

Before answering the several items of discussion in detail, the 
author would like to make a few general remarks which hold for 
many questions and allusions common to different discussers. 
It will be recalled that this conference was meant to give a general 
survey of what has been accomplished by the author’s company 
during the war and to explain the physical base of the cycle. 
Naturally, we have constantly kept in mind the matter of econom- 
ics for future plants. We know much more about costs now 
than we knew a year ago, as a consequence of relief in prices for 
different materials involved. Even at the present time, a closed- 
cycle plant of, say, 12,000 or 25,000 kw output with oil and gas 
firing does not cost much more than a modern steam plant, if one 
takes into account all the saving in space for the building, the 
foundations, the lack of feedwater preparation, etc. 

In contradistinction to steam-turbine practice, the whole range 
of output from, say, 6000 to 50,000 kw can be covered by a few 
types of machines and apparatus only. Many elements, such 
as blades, tube bundles of heat-exchangers, headers, or air heat- 
ers, then auxiliaries as leakage compressors, regulating gear, etc., 
can more easily be simplified, classified, and normalized: This 
will help considerably in achieving low-cost fabrication methods, 
and therefore in lowering further the cost of a plant. 

An oil-fired plant of about 17,000 hp net output is under con- 
struction now at the Escher Wyss Works in Zurich. It is hoped 
that, in the near future, much more can be said about prices, op- 
erating experience, and maintenance, based on facts. The over- 
all efficiency, including all auxiliaries, of about 37 per cent at full 
load must also be considered when comparing prices and economy 
with other systems. 

The author would like to point out that the construction of the 
test plant of 2000 kw at our works, which is dealt with extensively 
in the paper was started more than 10 years ago. This was really 
meant for development and research work and not as representa- 
tive of later plants. All direct comparisons with other caloric 
plants concerning results-achieved are therefore misleading. It 
may be of interest that in the same space which we used for the 
test plant, at the present state of technical development, we can - 
install a 15,000 to 20,0000-hp plant. This shows that many simpli- 
fications and savings in construction based on the long experi- 
ence and studies have been achieved. 
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Fic. 36 SHows ARPA Coverep By Test Puant (LEFT) AND THE First InpusTRIAL APPLICATION (RIGHT) Now UNDER Way 
(Test plant, 2000 kw; plant under construction, 12,500 kw.) 


Fig. 36 of this closure shows the area covered by the test plant 
with which many American engineers are familiar, as well as the 
first industrial application now under way.'* The saving is due 
mainly to the large output, and the choice of the higher pressure of 
50 atm abs with a pressure ratio of about 10 between the low- and 
high-pressure sides because two-stage expansion is used. 

All necessary details of this plant will be divulged to the engin- 
eering profession when it is finished. Therefore, the author begs 
the reader’s indulgence for not going into detail here. However, 
it may be said that we are not only optimistic about the technical 
progress achieved but also concerning prices, as a result of the 
reasons given herein. In this respect, it must not be forgotten 
that the amount of special and expensive materials for the ma- 
chines issmall because the dimensions are small, as compared with 
other gas turbines. 

On our last visit to America and England, it was gratifying to 
learn that the necessary tubes for the air heater can be produced 
on a normal commercial basis. They are similar to the type 


widely used for modern cracking plants under more severe con-. 


ditions than occur in the AK heater. The total weight of heat- 
resisting material, compared with the total iron weight of the 
whole installation, amounts to only about 12 to 15 per cent. To 
give an idea; the cost of the air-heater tubes for a big plant 
amounts only to about 7 per cent of the total cost. These figures 
show that the supercharged cycle, because of its smaller machine 
dimensions and heat-exchanger surfaces, offers advantages gen- 
erally not anticipated. 

Reply to J. H. Anderson. The principal points concerning 
matters of cost have been dealt with in the foregoing general 
statement. In comparison with corresponding steam plants the 
better possibilities to normalize elements and to build standard 


13 A brief description of the entire project is given under the title, 
“New Developments in Gas Turbine and Boiler-Plant Practice,” 
Power, vol. 90, Aug., 1946; details of the Escher Wyss installations 
are given on pp. 88-90, of this article. 


plants will play a big role in the future and affect costs. As the 
air heater from the construction point of view is a simpler appara- 
tus than a steam boiler, especially when supercharged-firing is 
used, there is no reason why this apparatus should cost more than 
a modern high-grade boiler. 

The control and regulating system of the plant by varying the 
density only leads to valveless machines and apparatus in the 
cycle itself. The whole regulating block is a separate unit out- 
side the cycle in cold atmosphere. This arrangement gives favor- 
able operating conditions and much lower costs than the regulat- 
ing device of modern high-pressure high-temperature steam tur- 
bines. 

We have tried different shaft-seal constructions in the test 
plant. We now use the same liquid-seal method which has been 
widely used in our compressors for poisonous and dangerous 
chemical gases where shafts must be absolutely tight. As a con- 
sequence of the different alterations we have made in the test 
plant, the leakage loss has been relatively high. As the official re- 
port by Professor Quiby* on the trials shows, the compensation 
for air leakage amounts to about 30 kw at full load (2000 kw). 
The percentage loss in a new plant will be less. 

The drop in efficiency of 3 per cent at a certain test compressor 
in a rather short time has been measured in different instances. 
It is believed that such losses depend naturally upon the individ- 
ual form of guide vanes and runner blades. The difference in 
these friction losses in different airfoil-bladed machines may be 
due to the different Reynolds number involved. Ifa test is made 
with low velocities, the effect is naturally not so obvious as at 
high Reynolds number, where, as modern research on friction on 
plain and curved surfaces shows, the relative roughness plays a 
much bigger role. 

Reply to F. T. Hague. It was very encouraging for us to 
have the opinion of an engineer who has dealt with many pioneer 


14 Reprinted in Oil Engine, November, 1945. 
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efforts in the fields of steam and gas turbines and who has suc- 
cessfully carried new ideas on to realization. We can assure him 
that what seems to have occurred to him, when first studying our 
project, occurred to us also in the course of its development. 
Many details appeared to be formidable at first glance but our 
team of engineers has always found technical solutions. Construc- 
tion of all elements has been based upon intensive research work 
in our laboratories. As we cannot accomplish all our objectives 
at the same time, we first have concentrated on the construction 
of oil- and gas-fired installations. For this purpose, we have ar- 
rived at simple arrangements for the air heater. The coal-fired 
air heater will be the next step to be achieved, based on actual 
studies and experiments. We are quite optimistic about this 
field too. 

The principal problem in the case of pulverized-coal firing is 
the necessity for keeping slag and ash particles as far as possible 
away from the innermost rows of tubes near the combustion cen- 
ter. This can be effected by blowing in the recirculated flue 
gases, which serve for reducing the temperature of, the furnace, 
along the whole inner tube wall between the tubes themselves. 
Tests which have been carried out in this connection show that this 
is already possible even in the case of small circulating volumes. 

Since circulating gases at approximately 1000 F are relatively 
cold, the blown-in current has the additional action of bringing 
about quick cooling and granulation of the slag particles. 

As Mr. Hague looks favorably and optimistically to the possi- 
bilities of the closed cycle, the author also would like to tell him 
that we think this system may also have a future application in 
connection with atomic power. 

Reference has already been made to the advantages of employ- 
ing light gases as the working medium for special purposes. For 
instance, helium or helium mixtures permit of heat-transmission 
values being attained which are of the same magnitude as for 
water. Thus, for otherwise similar conditions, the heating sur- 
faces in a helium heater could again be considerably reduced 
compared to the air heater. 

In so far as conditions can be foreseen, the closed helium 
circuit would prove suitable in a thermal power plant employing 
atomic energy. Since helium is-neutral to the material of the pile 
and in addition has advantageous characteristics from the view- 
point of nuclear-physics in that, like graphite, it acts as a neutron 
moderator, the pile could be brought in direct contact with the 
gas. The pile might, in fact, possibly be arranged in a pressure 
vessel. The helium issuing from the compressor of the circuit 


could be supplied to the pile under a high pressure of 700 to 1400 


psi, for increasing the heat-transmission figures and reducing the 
dimensions, and would afterward flow in direct contact as a cool- 
ing medium around the uranium rods, as also through bores in the 
graphite itself. In this way the pile would give up the heat which 
it produces by direct convection to the helium. It may be fore- 
seen that under the assumptions mentioned (increased pressures) 
the large quantities of heat produced in the pile will, on account of 
the good heat transmission, be capable of being usefully taken up. 
In this manner no tubes would be required at all for the helium 
heater. Calculations show that if we assume a pile temperature 
of 1500 F as admissible, only a very small surface is needed to 
heat up the circulating helium to 1300 F. 

For 1000 kw net output of the plant, about 15 to 20 sq ft in 
direct contact with the gas are sufficient without a greater total 
pressure loss than 3 to 4 per cent in the “‘pile heater.” Therefore, 
a 50,000-kw plant would need only a heat-transfer surface of less 
than 1000 sq ft. Whether such dimensions are possible from the 
physical aspects is not yet known. 

The adoption of a uranium pile in place of a combustion cham- 
ber would in the case of an open-circuit turbine be detrimentally 
affected by the fact that only small heat-transmission values are 
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attainable with air. Furthermore, the nitrogen would absorb 
neutrons and the open air current continually deliver radioactive 
products to the atmosphere. Moreover, there would be the dan- 
ger of the graphite in the pile being burned by the oxygen in the 
air. 

The use of steam as working medium likewise has the draw- 
back of a considerable absorption of neutrons and of a small heat 
transmission in the superheated condition, also requiring compli- 
cated installations, 

It is also possible to combine a normal closed cycle working 
with air or another suitable gas with a “‘pile’”-heater through 
an intermediate circuit bringing the heat from the pile to a heat 
exchanger (air heater with tubes). This intermediate circuit is 
closed too and would contain compressed helium in order to get 
high heat-transfer coefficients both in the pile and in the air 
heater. By this arrangement the working circuit with the 
machines is entirely separated and safe from radioactive particles. 
Calculations show that the necessary surface for the helium air 
heater amount only to about 200 plus 300 sq ft per 1000 kw when 
working with pressures of 60 to 80 ata. 

We appreciate that the problems of utilizing the plant in con- 
junction with atomic energy are as yet unsolved and cannot yet be 
foreseen fully, particularly with regard to the construction. Nev- 
ertheless, the foregoing remarks show that the closed circuit has 
by no means reached the end of its development. On the con- 
trary, this new principle opens up wide possibilities for the im- 
proved conversion of heat into mechanical energy. 

Reply to M. L. Ireland, Jun. The method of estimating 
costs of future plants and the author’s point of view upon that 
subject are discussed in the introduction to this closure. In con- 
nection with point 4, it may be said that all our recent studies 
show that pressurizing is very suitable for marine applications 
with oil-firing and also for gas-fired heaters in stationary plants. 
The control of the small charging set is not complicated. 

The author agrees fully with the discusser’s advice that only in 
specific cases can the different systems be reasonably compared. 

We have made some studies for ship propulsion in the mean- 
time and especially on the regulating problems in connection with 
variable-pitch propellers. Some of these problems were discussed 
by Dr. Salzmann, Chief Engineer of Research Laboratories of 
Escher Wyss, at the Detroit meeting of the A.S.M.E. in June, 
1946. As a result of these studies, it may be said that we do not 
foresee any particular difficulties in regulating and stabilizing 
in connection with turboelectric drive or in combination with 
variable-pitch propellers. 

For ships the closed air cycle offers an important advantage 
over the steam plant because of its ability to fit into given spaces 
as no gravity is acting on the working medium. All apparatus 
and machines can be arranged in a great variety of ways. The 
fact that the amount of air to be taken in for the closed-cycle air 
heater is the same as that of a Diesel engine or steam plant gives 
the same dimensions of inlet openings and outlet openings for the 
combustion gases. The combustion gas turbine needs many 
times more surface for these purposes. 

Reply to Joseph Kaye. Our projects show that a closed- 
cycle power plant needs less total room than a corresponding 
steam plant of the same output. To give an idea; a 25,000-kw 
stationary plant can be built in a space of 90 X 52 X 40 {t for 
oil or gasfiring. In this space all the auxiliaries, all the ac- 
cumulators, and all the heaters and regenerators of the machines 
are situated. The weight will be about 35 to 40 lb per kw. Under 
favorable conditions, we can guarantee an efficiency at the coup- 


ling of the output turbine of 37 per cent at full load, 35 per cent - 


at half load, and even 27 per cent at 20 per cent load, all auxiliar- 
ies included; this with a working temperature of about 1200 F. 
Higher temperatures of 1300 F or more, we believe, can be real- 
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ized in the very near future, after having gathered experience 
with the first plant. The figures cited can be attained by modern 
steam plants only for large outputs and with rather complicated 
installations. 

Reply to Alf Lysholm. It is true that we use high-efficiency 
regenerators in the closed-cycle system and that we need, like all 
other turbine systems, highly efficient compressors and turbines. 
But just to realize high figures constantly the absolutely pure 
medium offers ideal possibilities in the supercharged cycle. The 
Reynolds numbers are very high and heat transfer is good. The 
simple open-cycle combustion gas turbine uses a great excess of 
air to cool down the combustion gases to allowable temperatures 
for the turbines. This cannot be changed. The closed cycle 
needs about the same amount of intake air as a Diesel or steam 
plant. 

Concerning the reheat-intercool cycle mentioned for open gas 
turbines but with high pressures, the author is not familiar with 
the possibility of its practical realization. The high pressure 
ratio of about 40, involved in this system, will require other 
constructions in machines. It is also thought that the different 
reheat stages would lead to constructional complications. More 
reheat stages or intercooler stages could also be introduced in 
the closed cycle as already pointed out in the paper. Yet the 
theoretical gain of efficiency would, in our opinion, be balanced 
by additional mechanical pressure and temperature losses. 

Reply to Frederick Nettel. We try to follow the theoretical 
double isothermal cycle as closely as possible because we think 
this is a suitable way for gas processes to approach the maximum 
possible efficiency between given temperature limits with simple 
technical means which, from the engineering, constructional, and 
metallurgical point of view, are available today and in the near 
future. Mr. Nettel mentions another approach to the best ther- 
mal output, but as he does not give further explanation, the 
author cannot very well discuss the possibilities. It may be that 
there are other schemes for gas turbines but we shall stick to the 
one idea explained. All the deductions concerning best pressure 
ratios, reheat factor in heat exchangers, etc., should be regarded 
only in connection with the double isothermal cycle. For other 
cycles there are naturally, as Mr. Nettel points out, other most 
favorable relations. We arrived at these relations, for example, of 
3-4 for the best pressure ratio with direct expansion and 10-12 for 
double expansion, not only from the theoretical calculations of 
the cycle but also taking in account all the losses of pressure and 
temperature involved in practical plants. Also, the quantity of 
circulating gases for a given output plays an important role. 

The supercharging of the air-heater furnace not only lowers the 
surface of its tubes but also the surface of the combustion-air 
preheaters, because a part of the heat of the combustion gases 
is used in the expansion turbine which drives the supercharging 
set. 

Concerning the size of the heat exchanger, it may be said that 
75 per cent effectiveness is too low to get high efficiencies with 
normal circuit temperatures of about 1200 to 1300 F; 90 per cent 
effectiveness is really the figure upon which our actual construc- 
tion is based. This corresponds to temperature differences of 45 
to 65 deg F in this apparatus between the two air streams. It is 


an important item of the closed cycle that this high effectiveness _ 


can be realized with comparatively small surface and in small 
space; the heat-transfer in coefficients is many times higher 
than in an open-cycle installation, and we have to deal with an 
absolutely pure medium, so that we can really choose small 
diameters of tubes without any danger of scaling. As Mr. Nettel 
does not explain how he will attain better efficiencies and with 
what means, the author can only explain here the reasons which 


led us to our design. ; 
All indications of air preheat are given in Table 2 of Quiby’s 


official report.15 As Mr. Nettel explains, an error crept in the ex- 
planation of Fig. 9 of the paper. It should be read as explained 
in his discussion. 

Our studies on supercharged air heaters led us to the opinion 
that the charging set is not so. complicated an arrangement as 
perhaps it seems at first glance. All the regulating is established 
automatically to a great extent. 

The figure of 1.5 sq ft of heat-transfer surface per kilowatt re- 
lates to the air-heater surface plus preheater for a supercharged 
heater set. The air-preheater surface is dictated by the point 
of view of economy and is different in ships from that in stationary 
plants. 

The size of the accumulators depends upon the chosen pressure 
of the cold-storage air, and upon the “‘time-table” of the plant. 
The load variation, Mr. Nettel admits, is communically severe. 
To give an idea we would need about 100,000 cu ft. 

Reply to J. K. Salisbury. We were much interested to have 
Mr. Salisbury’s opinion of our work. As we know, he is in every 
respect an expert in the gas-turbine field. We would like to thank 
him again for the compliments he paid to the engineering work of 
ourteam. The author was gratified to have had several conversa- 
tions with him on this subject, and the principal advantages of 
the plants he mentions in his discussion are just those which con- 
vinced us since the start of our work to stick to it through all de- 
development difficulties. In connection with Mr. Salisbury’s 
survey of the economics of the situation, for the reasons explained 
in the introduction to this closure, the author can only agree with 
him that it is an open question. Naturally, the author is not too 
familiar with conditions in the United States. For the markets 
he knows better, he is not at all doubtful about cost development’ 

The air heater with pressure firing is much less expensive than 
Mr. Salisbury estimates. The costs for the whole plant are even 
less than 75 dollars per kw. 

The comparison of a 2000-kw modern steam plant which can 
be buil according to Mr. Salisbury’s proposition, with the first 
2000-kw closed-cycle test plant is not too favorable for the closed- 
cycle system. As explained in the introduction, one must not 
forget that the test plant was meant for other purposes than for 
industrial service and that it is a 10-year-old design. An up-to- 
date new design would naturally give much better values. Apart 
from that, at the present time we do not intend to build plants 
with such small outputs, because in this respect the author 
agrees fully with Mr. Salisbury: We think it would not pay. The 
advantages of the closed cycle are much more pronounced for 
plant ratings, say, above 5000 kw. 

The last detailed questions of Mr. Salisbury can be answered 
as follows: 

Surfaces. Our actual design is based on a total surface, in- 
cluding heater, regenerator, combustion-air heater preheater of 
about 4to 5sq ft per kw. These figures may change in the future 
with other designs. About 20 per cent relates to the air heater, 20 
per cent to the preheater and coolers, and 60 per cent to the 
regenerator. Naturally, this changes the whole aspect. 

Pressure Drop. The absolute pressure drop depends upon the 
pressure level used; 10 to 15 psi result with a maximum pressure 
of ~800 psi in modern design. The smaller value belongs to the 
air heater of the test plant. 

Circulating Fan. In operation of the test heater, we only 
needed a very small amount of recirculated gas to cool and pro- 
tect the tubes, and the furnace, as a consequence of the layout. 
The secondary air of combustion, led in a suitable way along the 
lower end of the temperature. In new air heaters the construc- 
tion will be somewhat different and a bigger fan will be used. 

Mechanical Losses. As Prof. Quiby pointed out in his report, '5 
these losses were higher than usual because of the special arrange- 
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ment of the machine group and bearings. At least 1.5 per cent 
total efficiency could have been won with other design. The oil 
seals play only a minor role in the mechanical losses. But one 
must not forget that the mechanical losses, as derived from the 


NOVEMBER, 1946 


tests also include the internal leakage losses of working air. 
Therefore, an exact figure for the mechanical losses cannot be 
calculated. Naturally, the rather high value is not inherent 
in the closed-cycle system and can be kept normal in other plants. 


The Influence of Viscosity on Centrifugal- 


Pump Performance 


By ARTHUR T. IPPEN,! CAMBRIDGE, MASS. 


The wide use of centrifugal pumps in the oil industry de- 
mands that their performance characteristics for oil be 
predicted with reasonable assurance. A systematic study 
of performance changes with increasing viscosities had not 
been undertaken so far under controlled laboratory condi- 
tions. For the purpose of undertaking such a study theo- 
retically and experimentally, the Hydraulic Laboratory of 
Lehigh University and the Cameron Pump Division of the 
Ingersoll-Rand Company co-operated in following through 
a comprehensive program of research at Lehigh Univer- 
sity during 1944 and 1945. Over 200 performance tests for 
viscosities up to 10,000 SSU were completed on four vari- 
ants of centrifugal pumps, employing a special test stand 
designed and built under war conditions. 

The influence of viscosity changes on the head, dis- 
charge, and input-power characteristics of the pumps is 
demonstrated graphically and systematically for a wide 
range of viscosities and speeds. The usefulness of a spe- 
cial Reynolds number for pumps is demonstrated and test 
results are correlated on that basis. General conclusions 
are possible as to the influence of various features of de- 
sign, since several pumps of different specific speeds were 
tested. A theoretical analysis establishes definitely the 
variables to be considered and places the discussion for the 
problem on a sound scientific basis, especially with regard 
to disk and ring losses. 


INTRODUCTION 


HE influence of viscosity on the performance of centrifugal 
Aes has not received, up to the present, the systematic 

attention of the pump engineers which this problem de- 
serves in view of the ever-increasing use of the centrifugal pump 
for the transport of viscous liquids. A first pioneer effort, and 
so far the most extensive one, was made by Professor Daugherty 
(1)? about 20 years ago. Various papers (2, 3) have appeared 
since then, but they were never based on more than a relatively 
small number of field tests carried out by various investigators 
with greatly differing pumps. These tests were used to derive 
correction curves for efficiency by extensive extrapolation of the 
test information on hand and must clearly be recognized as a 
temporary means of considering the viscosity influence. 

In recognition of the need of a systematic approach to this 
problem under controlled conditions, the Hydraulic Laboratory 
of Lehigh University and the Ingersoll-Rand Company of Phil- 
lipsburg, New Jersey, entered into a co-operative agreement to 
explore the behavior of centrifugal pumps when pumping oils. A 
special test stand was designed and constructed under wartime 
restrictions and over two hundred performance runs were made 
during 1944-1945 on four variants of centrifugal pumps with 

1 Associate Professor of Hydraulics, Department of Civil and 
Sanitary Engineering, Massachusetts Institute of Technology. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Hydraulic Division and presented at the An- 
nual Meeting, New York, N. Y., Nov. 26-29, 1945, of Taz AmrRi- 
cAN Socipty or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors and not those 
of the Society. 
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viscosities ranging up to 10,000 SSU. The influence of viscosity 
changes on the head, capacity, and input-power characteristics 
was systematically explored for each variant of pump and for 
several speeds. The usefulness of the Reynolds number for the 
presentation of these characteristics was demonstrated convinc- 
ingly and all results are correlated on that basis. The data pre- 
sented in the diagrams are those obtained in the present investiga- 
tion only. No attempt was made to include information from 
other sources, since it was almost always found lacking in com- 
pleteness. This situation is analogous to that existing for many 
years in the field of pipe friction, until finally the pertinent 
variables were definitely established and a final solution found. 

It is to be hoped that the experiments reported here will bring 
forth many detailed experimental results in complete form from 
the files of various investigators, so that the conclusions drawn 
from this work may be either confirmed or be modified to fit into 
a more general picture. However, it is felt that the paper repre- 
sents the first attempt to analyze the test results on the basis of 
all pertinent variables so that individual influences can be 
isolated more easily. Thus their share in the over-all effect of the 
viscosity on the performance of centrifugal pumps is to be recog- 
nized in relatively true proportions. 

It may be mentioned that the paper had to be severely limited 
in presenting the information on hand. The descriptive part 
on the experiments had to be cut more than may be desirable from 
the viewpoint of clarity in order to include the fundamental re- 
sults of greatest value to the engineer concerned with this prob- 
lem. The same limitations had to be imposed on the theo- 
retical part which covers only those aspects which are most useful 
and characteristic in explaining the results of the experiments as 
stated in graphical form. 


EXPERIMENTAL PART 


GENERAL OUTLINE oF TEsT PROGRAM 


The stated purpose of the experimental study was to find, if 
possible, a specific relationship between viscosity on one hand 
and efficiency, head, capacity, and power input on the other hand. 
The results for four different variants of pumps were to be corre- 
lated. The choice of pumps was naturally restricted by the 
power supply of the hydraulic laboratory, by the range of 
the torsion-dynamoreter, and by the available storage space 
for the oils used in the tests. 

(a) Specifications of Pumps Tested. Under the circumstances 
the four pumps listed in Table 1 were chosen as most suitable and 
as of widest possible use in the pumping of highly viscous oils. 
All vital dimensions and normal-performance data for water are 
listed in Tables 1 and 2. Pump No. 1 was a single-stage, single- 
suction pump which could be fitted with hydraulically identical 
impellers of the closed and open type. This pump was relatively 
small and of low specific speed. The pump No. 2 was a single- 
stage double-suction pump which could be run with impellers of 
different diameter. Thus the specific speed was varied to a 
value of almost 3000 with a small impeller, however, not without 
some sacrifice in efficiency. The experiments covered, conse- 
quently, a range of specific speeds between 1000 and 3000 which 
is the range of most efficient operation for radial-flow pumps. 
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(b) Properties of Liquids Employed. The program of testing 
contemplated originally the use of water and of two oils as 
experimental liquids. or the latter the range of viscosities was 
defined by the range of temperatures seasonably obtainable, i.e., 
from almost normal outside temperature upward to a aha 
produced by dissipating the power input. No special heating or 
cooling equipment was provided. The variation in the volume 
circulated was sufficient to obtain the desired range of tempera- 
tures and viscosities. Two black oils, giving a medium slope in 
the viscosity-temperature chart, were selected and are referred 
to subsequently as heavy oil (HO) and light oil (LO). A third 
oil was added, however, after the LO-runs were taken, since it 
appeared desirable to bridge the gap between the viscosity of 
water and that of the light oil. 

This so-called thin oil (TO) was produced by mixing the light 
oil with a certain amount of fuel oil. The light oil proved to 
be extremely stable and its viscosity remained constant for al- 
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most half a year of intermittent testing. The thin oil and the 
heavy oil were affected somewhat by the pump testing and fre- 
quent analyses were made to adjust results for changes in vis- 
cosity whenever they exceeded the limits of permissible errors. 
Fig. 1 presents the essential data on viscosities and_ specific 
gravities for these oils. 

(c) Schedule of Testing Program. The experiments started by 
determining the performance of each impeller of the two pumps 
for water. All impellers were tested as summarized in Table 
2 for three different speeds with the exception of the largest im- 
peller, which was run only for the two lower speeds, since the 
torque for the high speed exceeded the dynamometer capacity. 
The water tests checked very closely the performance of the 
pumps reported from the Ingersoll-Rand laboratory and served 
in addition the purpose of establishing working procedures and of 
finding out about the general performance of the test stand. 
After some minor alterations were completed, the four sets of runs 
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were repeated for the light oil, covering usually the possible 
range of viscosities on the same day for any one speed. It was 
preferred to change the pumps and impellers rather than the 
liquids, thus avoiding contamination of one oil by the other, 
which would have become appreciable during the course of the 
testing program. The light oil was then cut by the addition of 
fuel oil to a lower viscosity and the four sets of runs were again 
repeated for this so-called thin oil. Finally the heavy oil was 
turned into the lines and the process was repeated a fourth time. 

Thus two pumps with two impellers, as described in Table 1, 
were tested for four different liquids and for three different speeds. 
Six performance runs were taken for each oil in the average, so 
that the total aumber of tests exceeded 220. 


EXPERIMENTAL EQUIPMENT 


The experimental equipment was largely assembled under the 
restrictions of the wartime economy and therefore contains what- 
ever could be made to serve on the test stand, from the material 
resources of the two co-operating agencies. The result of the 
planning on this basis, however, was adequate in every respect 
for the proper execution of the testing program. 

(a) The general arrangement of the circulating system is 
shown in Fig. 2. Six 750-gallon tanks formed the basic storage 
units for two different oils» A triangular arrangement of three 
tanks each in two stories was decided to be the most compact and 
practical one with respect to piping and housing. When the 
pipes were filled with one oil, two additional tanks contained 
the same oil on two levels with the upper tank in the rear always 
empty and ready to be used as a volumetric-measuring tank. 
The upper tanks could be drained very fast by gravity into the 
lower tanks. The entire system of pipes and tanks may easily be 
analyzed from the isometric views in Fig. 2. The meter calibra- 
tion circuit and the pump testing circuit are shown separately 
and are outlined by heavy lines. All tanks were open, however, 
all pipe ends were submerged considerably below the oil level, so 
that entrained air never posed any problem. 

All the circulating was done by the test pumps driven by means 
of a torsion dynamometer, as illustrated in Figs. 3 and 4. The 
driving arrangement of the dynamometer was a system of pulleys 
and a 65-horsepower induction motor, which was powered from a 
special transformer set with 3-phase, 60-cycle, 220-volt alternat- 
ing current. Automatic voltage regulation was provided in the 
4400-volt main feeder line of the University, so that serious speed 
variations were never encountered during tests. ; 

(b) Measuring Equipment. Pump discharges had to be 
metered over a wide range and three liquid meters shown in Fig. 5 
were installed, therefore, in separate lines of 8 in., 6 in. and 4 in. 
diameter. Orifice meters were used for the 8 in. and 6 in. lines 
and a 4 X 2 in. Venturi happened to be available for the 4 in. 
line. The meter approaches were at least twenty-two diameters 
in length and the valves in the approach lines were only used in 
wide-open or completely closed position. The operation of the 
meters therefore was satisfactory at all times. All discharge 
regulation was done by means of valves at the end of the circuit, 
so that the entire system was normally under positive pressure. 
The orifice meter of 4.92 in. orifice diameter in the 8-in. line was 
used almost exclusively for the large pump and the 4 x 2-in, 
Venturi meter was adequate for the small pump, so that the 6 x 
3.60-in. orifice was rarely used. The orifice plates were made of 
3/s-in. brass plates with a square edge of 1/15 in. and a downstream 
bevel of 45 deg. The pressure connections were located one pipe 
diameter upstream and one-half pipe diameter downstream. 

The temperatures of the liquids were checked at three points 
by means of standard thermowells and dial-type indicating ther- 
mometers. The latter were mercury-actuated and furnished 
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with temperature-compensated capillary tubes. Readings to 
the nearest half degree Fahrenheit were deemed sufficient. The 
first well was located in the suction line of the pump about 4 ft 
upstream, the second was in the manifold immediately below the 
discharge line connection, and the third recorded the temperature 
of the liquid below the meters. 

For visual checks, on the discharge and suction pressures, two 
Bourdon-type gages were included on the instrument board 
shown in Fig. 6; however, all discharge and suction heads used 
in the analysis were obtained from mercury-water manometers. 
The mercury manometer connected to the discharge side consisted 
of two differential gages connected in series, each of 6 ft length. 
A range of 50 psi could thus be covered without a balancing 
pressure. If the low pressure end of the manometer was placed 
under a 25 or 50-psi counterpressure, the range was extended to 
100 psi. In the end the mercury gages arranged so as to re- 
quire a minimum of corrections, saved considerable time since 
calibrations were unnecessary. The oil in the connecting lines 
was prevented from entering the water-mercury gages by 
means of large pots filled with oil in the upper half and water in 
the lower. The oil-water level in the pots was observed by 
means of glass gages and was checked and adjusted before every 
run. The same arrangement was used for the differential ma- 
nometer connected to the liquid meters. Due to the relatively 
small differences in specific gravity of the oil and water, small 
changes of the oil-water level in the separating pots will not 
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affect the readings. The speed was measured with a Chrono- 
Tachometer and with a revolution counter electrically operated 
for 1/,-minute intervals. It was read for every test point and 
comparisons were made with a Hassler Tachometer with results 
well within the precision of either instrument. The tachometer 
and revolution counter are connected to a synchronous motor 
powered from a generator mounted on the pump shaft. 


EXPERIMENTAL PROCEDURES 


(a) Calibrations of Measuring Equipment. All the instruments 
used were subjected to several calibrations during the experi- 
mental period. The mercury gages of course do not need 
special calibration, except that the Bourdon gage tester was 
checked against the mercury columns. All connecting lines 
were freed of air and particularly the discharge gage was 
checked before and after each run for air, by the use of a special 
water-air manometer, the latter indicating easily any errors of 
0.01 ft of water column. Balance was always required within 
this limit and was always obtained. 

The dynamometer bars were calibrated by careful static load 
tests and showed a constant torque per unit deflection over the 
entire range. Naturally the percentage of error of the reading 
for any run was dependent upon the torque range covered for 
any particular pump and speed. 

The speed measurements were checked against simultaneous 
measurements taken with other tachometers and were found to be 


consistent within one fifth of one per cent, which was within the 
required limits. ‘ 

The temperatures indicated by the dial thermometers were 
verified by the use of a mercury thermometer certified by the 
Bureau of Standards. The readings were also checked during 
runs by mercury thermometers in adjacent thermowells, which 
had been compared to the standard thermometers. Sticking of 
the dial hands was prevented by lightly tapping the glass cover. 

The main problem in ascertaining the fundamental quantities 
for the performance of the pumps was encountered with the 
liquid meters. While the circulating system for calibrating pur- 
poses is indicated in Fig. 2, some of the phases of the calibrating 
runs merit mentioning. Noticeable temperature differences in 
the oil circulated had to be avoided. Therefore the oil was 
normally discharged from the line into the upper storage tank and 
from here by gravity back into the lower tank. The flow was 
then gradually switched over to the swing spout, thus taking the 
oil in the upper storage tank out of circulation. As soon as 
steady-flow conditions were established again through the meter, 
the flow was deflected into the measuring tank, while a constant 
level was maintained in the lower storage tank by admitting oil 
from the upper storage tank. This procedure naturally required 
considerable practice but worked out very satisfactorily. The - 
results of the meter calibrations are given in Fig. 7 and are 
stated in a form which deviates somewhat from the orthodox way. 
The discharge coefficient Cp for the 4  2-in. Venturi meter. is 
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plotted against the Reynolds number for the 4-in-diameter pipe 
divided by the discharge coefficient Cp. Similarly the results for 
the 8 X 4.92-in. orifice meter are given in terms of a correction 
coefficient for viscosity K,, plotted against the pipe Reynolds 
number for the 8-in. pipe divided by the discharge coefficient. 
This latter quantity can be calculated directly from the differ- 
ential-manometer readings and the correction coefficient K,, is 
thus obtained without trial and error. The discharge coefficient 
for water Cp, as introduced, is equal to 0.6185. The Venturi 
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metér curve is compared to the curve given in the Fluid Meter 
Report of the A.S.M.E. and is seen to lie considerably below this 
curve. It is shown extending down to an experimental value of 
Cp = 0.50. The orifice curve is compared to Johanson’s curve 
for a similar orifice in a l-in-diameter glass tube and shows 
remarkable agreement. It may even be argued that the dis- 
crepancy is due to the slight difference in the orifice - pipe diame- 
ter ratio} which was 0.615 here, while Johanson’s curve holds 
for 0.595. 
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we (b) Typical Performance Tests. Most operational difficulties 
were discovered and ironed out by running first a full series of 
experiments with water. Only minor improvements, however, 
were necessary, and definite procedures for the oil runs were 
formulated. The dimensionless performance curves shown in Fig. 
8 are those obtained for the medium-specific-speed impeller IL 
22 and they are typical of the range covered by individual tests. 
The almost complete absence of viscous effects for the normal 
range of operation with water was indicated by all water runs, 
proving, if it be necessary indeed, that the Reynolds numbers 
normally encountered with water are in the so-called “rough- 
flow’’ zone. 

All performance runs with oil were carried out by recording all 
pertinent instrument readings photographically by means of a 35- 
mm Kodak camera. Thus readings for individual points were 
taken speedily and simultaneously for permanent reference. 
Runs of ten to fifteen test points were normally completed within 
ten minutes, which fact considerably diminished the increase in 
temperature during any run. Upon termination of one run the 
pump was operated near normal discharge and was run continu- 
ously, until the dissipation of power had resulted in bringing the 
temperature to the desired higher value. The experimental pro- 
cedure was then repeated. The temperature of the oil could be 
varied for any of the higher speeds from about 70 to 125 deg by 
continuous running within one day. Thus five to eight perform- 
ance runs were obtained within a four- to eight-hour period. 
Shutoff conditions were usually tested by closing down fairly fast 
from a large discharge, thus retaining a fairly normal temperature 
of the oil churned in the pump. At best, however, the shutoff 
points are only approximate, especially for the higher viscosities. 

The temperature changes in the oil could be controlled by ad- 
justing the volume of oil in circulation. HH the temperature rise 
was too fast the entire volume of oil could be utilized by circulat- 
ing through upper and lower storage tanks. A differential tem- 
perature between upper and lower tank also permitted to arrest 
the rise in temperature during any run after some practice. 
Small increases in temperature were permitted, say 2 to 3 deg F, 
and their influence was determined by taking additional points 
immediately after each run over the same range. Corrections to 
a constant temperature and hence to a constant viscosity could 
be made therefore in the analysis. However, usually such 
corrections were too small to influence the maximum efficiency in 
location and magnitude. 


Friuip-Merer CALIBRATIONS 


ANALYsIS OF TEST RESULTS 


(a) Computation Procedures. As pointed out before, all data 
necessary for the performance calculations are contained on a 35- 
mm film strip which could be projected, point by point, on a 
screen made of tracing cloth. The readings were taken down by 
an observer behind the screen. The gages showed throughout 
the experiments very steady readings; fluctuations were largely 
eliminated by the viscous action of the oil in the connecting lines 
and by symmetrical constrictions in the mercury-manometer 
blocks. Two exposures were taken for every point, in order to 
discover changes in readings and to insure that all the informa- 
tion could be read clearly. If poor test points were discovered 
later in plotting the results, they were invariably traced to 
faulty readings from the film and were easily corrected by check- 
ing. The value of preserving thus on film the original measure- 
ments cannot be overemphasized, especially when insufficiently 
trained personnel must be entrusted with a major portion of the 
computing work. ; 

The entire calculation procedure involving a great many steps 
was carefully worked out, so that a standard routine could be 
followed throughout and the evaluation of data from the film to 
the final performance graph could largely be left to personnel 
without technical training. Viscosities and specific gravities, 
velocity-head corrections, and discharge coefficients were read 
from graphs plotted to simple linear scales. 

Since the discharge manometer in many runs indicated very 
small differences due to the exclusive use of the 8 X 4.92-in. 
orifice meter, these readings were also read directly, which upon 
comparison with the readings obtained from the film showed very 
good agreement. It was found practical then to take down also 
the speed and the torque readings during the run so that some 
calculations could be started immediately after the runs were 
taken, before the films were developed. 

Pressure readings were not corrected for pipe friction losses 
between pump flange and piezometer connections. This refine- 
ment would have introduced additional computing work to an 
extent unjustified by its merits, the pressure connections in each 
case being located only one pipe diameter from the flanges. It is 
natural also that the percentage error in the over-all efficiency be- 
comes greater for higher viscosities, so that the foregoing correc- 
tion stays usually within the permissible margin. It may be stated 
that the accuracy of the results is referred to the efficiency loss 
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DIMENSIONLESS 


(100 — e) rather than to the efficiency (¢) itself and that it is kept 
to +1 per cent in the average for (100 —e). 

(bv) Performance Characteristics. Complete performance char- 
acteristics were plotted for all runs taken and discrepancies were 
therefore easily discovered. The influence of accidental errors is 
thereby minimized. Curves for successive runs were compared 
according to the order of their viscosities. These performance 
curves available for every run should yield upon further analysis 
additional experimental information concerning relative distribu- 
tion of disk and ring losses, and on the operation near shutoff as 
well as at capacities larger and smaller than normal. The results 
presented in the following pages therefore touch only upon one 
phase of the problem under discussion, since maximum efficiency 
and normal capacities, head, and inputs are the only quantities 
considered at present in order to limit the scope of this paper. 


ANALYTICAL PART 


Turory or Viscous Losses IN CENTRIFUGAL PuMPS 


(a) Hydraulic Losses. The so-called “hydraulic losses” in 
centrifugal pumps have been rather loosely defined in the past, 
since the thinking was predominantly influenced by the perform- 
ance of pumps with thin fluids. With more viscous fluids the 
term “hydraulic losses’ is here more definitely applied to the so- 
called “through-flow” losses, which are directly the result of skin 
friction and eddy systems along the primary path of the fluid 
passing through the pump. _ It is of course not possible to analyze 
these losses separately, since they depend on a considerable 
number of geometric variables, which may be briefly stated as 
follows: 
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1 Suction-pipe dimensions and shape of inlet which deter- 
mine the state of flow at the entrance. 

2 Design of pump inlet, eye diameter or its equivalent. 

3 Shape, length, curvatures of impeller passages, contraction 
or expansion of cross sections. 

4 Dimensions of volute, design of spiral, and diffuser. 

It follows that in general the flow is nonuniform and that there- 
fore pipe friction factors are not very useful here except in a very 
general way. In addition the curvatures encountered make any 
approach on the basis of boundary-layer theory impossible. A 
few general statements may be in order, however, in view of the 
conditions stated. 

1 Every pump follows its own law of hydraulic resistance. 
Only the total losses can be determined experimentally, since 
they are interdependent. 

2 Theories of individual losses will at best give only a very 
approximate quantitative explanation of the pump behavior. 
This may be extremely valuable, however, for the designer. 

3 The relative weight of the losses will shift as a function of 
the specific speed and of Reynolds number. While skin-friction 
losses similar to pipe flow may predominate at low specific speeds, 
“body-resistance’’ losses will come to the fore with a change from 
radial to mixed and more or less axial flow for higher specific speed. 
In other words, since losses depend to a considerable extent on 
approach conditions, the character of the flow through the pump 
is more and more determined by the state of flow in the approach 
to the pump when higher specific speeds are reached. The rela- 
tive length of the pump passages decreases with increasing 
specific speeds. 

On the basis of these remarks, experimental results are indeed 
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approached with hesitation. In retrospect it seems remarkable 
that the multitude of possible losses and geometric dissimilarities 
nevertheless produces statistical averages with a relatively nar- 
row zone of deviations, as long as ring and disk friction losses re- 
main comparable for the various pumps. 

Energy losses for flows of a complex nature are customarily ex- 
pressed in terms of velocity head of the mean flow. Choosing 
relative velocity at impeller exit as a suitable one, the difference 
between the head produced for water and the head for oil can be 
written as 


Qe 
ay? Q 29 


V9? 
H, = (H,, — Ho) = Cr-— = Cr 
29 


or dividing both sides by Ho 
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wherein Cz is a function of Reynolds number, pump-design, and 
of roughness. Since Qo’?/Ho was found practically constant for 
a wide range of Reynolds numbers, Cr can be obtained, if the 
water performance is known, from the plot of H/H,, against 
Reynolds number. 

The question of a suitable Reynolds number was naturally the 
subject of considerable analytic experimentation. Eventually 
no particular advantage was found in any one as compared to 
another. However, the four fundamental forms stated below 
were calculated for all test points. 


@* T. Ug de Co) / 29H: dy Nd? 
Rp = = = = 262 ant 
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Ry = Viet sou hvthched, aay sal Ae lance eye ae [2b] 
Vv 
ody, 2887" Qe 
= BS LE Te Tr es 3 2 
Hs y d;,*v* 10° He] 
d;, 283.7 283.7-Qo:b. 
Rp = Rs: = S31 0s e (2d) 


Rp and R, differ essentially by the factor ¢ = w/ VV 29H... 
Since ¢ very seldom differs greatly from unity, the reason for the 
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small differences found in plotting the results against both is 
readily apparent. A small change in Reynolds number has little 
effect on the efficiency loss, while the differences due to pump 
design are more pronounced. The relatively best agreement be- 
tween results for various pumps, especially for low Reynolds num- 
bers, was obtained by using Ps, in which the equivalent or actual 
eye diameter of the impeller d,, was introduced as the characteristic 
length. For practical reasons Rp-was chosen, since it is most 
readily calculated from known quantities. In addition disk and 
ring friction losses are most easily expressed as a function of Rp. 
It offers, therefore, the most systematic approach toward separa- 
tion of the afore-mentioned losses from the so-called “through- 
flow”’ losses. 

(b) Disk Friction. The problem of friction losses due to the 
rotation of a circular disk in a fluid has received the attention of 
investigators in theory and by experiments. A comprehensive 
view of this problem, however, has been lacking and thus the fact 
remained obscured that the theoretical and experimental findings 
of the various investigators show considerable agreement, if the 
various phases of the problem are systematically related. Fig. 9 
illustrates the basis on which the subsequent treatment rests. 
Two papers (6, 7) attack the following problems. ; 

1 The disk rotating in an infinite space, filled with fluid. 

2 The disk rotating in a housing of approximately equal 
diameter and with small clearances between disk and housing. 

Case 1. Von Ké4rmén (6) dealt with problem 1 and established 
that the resistance mechanism depends entirely on the formation 
of a boundary layer adjacent to the surfaces of the disk, within 
which the tangential velocity of the fluid increases from zero to 
w:r. The theoretical velocity distribution within this boundary- 
layer is given by Fig. 10 for the laminar case. This layer func- 
tions like the impeller of a pump. Since the pressure on the periph~ 
ery of the disk is atmospheric, a radial flow gp results into the 
surrounding fluid at rest with an angular momentum w2-72 per 
unit of mass. On this basis von Ké4rmdn established the basic 
equations summarized below for laminar and turbulent flow. 
It is to be noted at this point that all kinetic energy imparted to 
the fluid by disk action is dissipated in the surrounding space. 
In general the torque to be applied is defined for one side of the 
disk by 


(a) In the case of laminar flow, which is of particular interest 
here, the boundary-layer thickness is given by 


b 2.58 
ae WEE: ee ee MES gee 0-0 
and the discharge of the disk by 
qp = 0.187-(2m-r-8)-u 
The so-called coefficient of friction becomes 
1.84 
Cp = Ale BF mete Meany pore 


(b) For turbulent flow and a “smooth” disk, one for which all 
roughness irregularities remain submerged in the laminar sub- 
layer, the boundary-layer thickness is 


[4] 


[5] 


on the basis of the seventh-root law for the velocity distribution. 
The so-called friction coefficient becomes 
0.0728 
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Equations [5] and [7] are plotted as lines A and B in Fig. 11. 
The application to “rough” disks has not been carried through, 
but it is obvious that the treatment is analogous to the friction 
problem for flat plates and will give an expression involving the 
ratio «/5, wherein e stands for absolute roughness. The scattering 
of experimental results obtained by different experimenters for 
large Reynolds numbers Fp is probably due to variations in «/8. 
This case, however, is of little importance for the problem here. 

Case 2. The second case defined before was treated experi- 
mentally and theoretically by Schultz-Grunow (7) and was essen- 
tially confirmed by the excellent experiments of Zumbusch as 
quoted in the same paper, the results of which are represented by 
line FH in Fig. 11. The basic assumptions for this case should be 
clearly kept in mind for the later discussion of the differences in 
von Kérmén’s and Schultz-Grunow’s results. The cylindrical 
wall surrounding the disk is assumed nearly equal in diameter to 
the disk and is short enough axially so that friction losses on the 
periphery may be disregarded. Thus the fluid is confined to 
the space between disk and housing and the angular momentum 
imparted by the disk is no longer lost to the surrounding fluid. 
Since the circular housing plates must exert a torque equal and 
opposite to the torque applied to the disk, it follows that the fluid 
confined to the space between them must revolve with one half 
of the angular velocity of the disk, so that equal frictional shears 
may be developed on disk and circular housing plate. This fact 
also is confirmed by experiments and is a common assumption. 

Schultz-Grunow obtained for the one-sided disk for 

(a) Laminar flow 
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These results are given as lines C and D, in Fig. 11. 
Case 3. A more general approach to the disk-friction problem 


: = 217 Piast .{8] _ becomes now possible as a result of the work discussed as Cases 
if V/ Rp 1 and 2. Using von Kdrmén’s expressions, a general equation 
can be written for the frictional torque for a differential angular 
Cae 1.334 (9] velocity (wp — w). w now denotes the angular velocity of 
or eee OF NE CEES ie the confined fluid, while wp represents the angular velocity of the 
disk. The results of this analysis may be reserved for a future 
(b) Turbulent flow paper, since space is lacking at this time. However, it is inter- 
esting to see the results of this analysis for the special case of 
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(a) Laminar flow 


1.300 
Cp ry — io {11] 
WV Rp 
@b) Turbulent flow 
0.0418 
Cp = Rp PRs ete OOO BUC [12] 


with corresponding lines C and D, in Fig. 11. It is seen that 
von K4rmén’s equations applied properly check Schultz-Grunow’s 
results extremely well for laminar flow. For turbulent flow the 
agreement is not as good, but Equation [12] checks the experi- 
mental evidence better than Equation [10], since values for the 
numerical constant obtained experimentally increase from 0.037 
+o 0.040 with higher Reynolds numbers. The experimental result 
permits another interesting conclusion, namely, the influence of 
friction on the cylindrical housing is increasing relative to the 
circular wall friction, since the boundary-layer thickness 6 de- 
creases with increasing Reynolds numbers, while the clearance 
between disk and housing, Sp, is constant. In other words, 
decreases in terms of wp. 

The general conclusions for the influence of disk friction on 
pump performance especially for viscous fluids are therefore as 
follows. Theoretically the case discussed by von Kérmén (see 
Case 1) represents the maximum disk friction which requires 
@ = QVorw = wp. Neither condition exists normally in pumps. 
The conditions generally met in pumps are discussed as Case 3, 


. w . . . . 
with w2'/2wp. The special case — = 1/2 givesa theoretical mini- 
wD 


mum disk friction. A further more extensive discussion must 
be delayed at present. 

Case 4. Special Case of Small Clearances Sp. A clearance is 
said to be small here, if radial velocities become zero and if the 
tangential-velocity gradient becomes constant across the axial 
clearance Sp. An elementary analysis gives 


Comparing this expression with Equations [11] and [4] as 


modified for the case of a= 1/2 so that 


wD 
5 3.65 (14) 
s ae sb rsietiean ate lieys Seer eae 
the following relation between Sp and 4 is derived 
6 S 
SGT ere ee Wi [15] 
2r 


This equation represents the intersections of the Cp vs. Rp lines in. 


Fig. 11, where the laws of resistance change from Equation (11] 
to Equation [13]. The influence of the boundary layer dis- 
appears therefore as soon as the total boundary-layer thickness 
(25) is of the order of magnitude of the clearance Sp. The 
transition is naturally a gradual one. The factor 1.50 instead of 
unity is explained by the velocity distribution in the boundary 
layer and by the fact that the law for small clearances takes full 
effect only after the gradient of the velocity has become uniform 
throughout the width Sp. Necessary minimum clearances for 
pumps lifting viscous liquids can be calculated from |14] and [15] 
to avoid excessive disk friction. Of course the length 6 need not 
enter at all, once its physical significance is recognized and one 
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may write directly the expression for the minimum clearance Sp 
in terms of a limiting Reynolds number Fp; 


below which the disk friction would be unnecessarily large. 
While [15] and [16] have been obtained on the basis of w/wp = 
1/., they do not necessarily depend seriously on this exact value, 
since the total thickness of the boundary layers remains fairly 
constant for w/wp=1/2. A decrease of 6 near the rotating disk will 
be compensated by an increase of 6’ near the circular housing 
plate and vice versa. 


(c) Ring Losses. Considering losses due to the wearing rings 
it is clear that the discussion must be concerned with two different 
types of losses: 


1 Leakage of fluid through the annular space due to the 
pressure difference between entrance and exit section. 


2 Torque losses due to the tangential shear developed by the 
rotation of the pump ring within the stationary housing ring. 


The attention of the pump designer has been focused mainly 
on the leakage losses, since thin liquids will readily pass in 
quantity even through small clearances and since the torque 
losses for such liquids remain small. It is clear that the general 
thinking must be revised as soon as the pumps are used to lift 
viscous fluids, which are 10 to 2000 times more viscous than 
water. 


After a careful scrutiny of all information on hand (9, 10, 11, 
12), considerable analytical work, which cannot be included 
here, established the following points: 


(a) Leakage is not affected by rotation, as long as turbulent 
flow in the clearance space persists. 


(b) Leakage will be affected by rotation whenever rotation 
changes the state of flow from laminar to turbulent in the ring- 
space. 


(c) In pumping oils the leakage flow is usually laminar and is 
reduced very fast to an insignificant quantity. Temperature 
gradients along its path, however, prevent ready calculation of its 
magnitude. Volumetric efficiency is approaching unity. 


(d) The torque losses due to the tangential shear developed are 
increasing considerably in magnitude and greatly affect the over- 
all efficiency. 


(e) Reduction in leakage and increasing torque losses influence 
the running temperature of the pump and therefore the over-all 
efficiency. 


Points (c) to (e) deserve further discussion. It is clear that re- 
duction in leakage concentrates the dissipation of increasing torque 
losses within a smaller and smaller volume of liquid. Considera- 
ble heating must therefore -be expected, which is fortunate in- 
deed, since otherwise the viscous torque would very soon become 
excessive. As it is, the oil entering the ring space is absorbing 
the torque losses and is heated up with consequent reduction in 
viscosity, which in turn reduces the viscous shear and increases 
somewhat the leakage. A considerable temperature-gradient 
exists along the axial length of the ring. Naturally the problem 
is a rather difficult one, since the increase in temperature depends 


_ on the flow of heat from the ring surfaces, the exchange of heat 


from the rings to the oil leaking through, and on the temperature- 
viscosity function of the oil itself. However, some analytical 
solution is possible on the basis of adiabatic flow, which furnishes 
at least a rather useful qualitative explanation of the phenomena 
encountered in the analysis of the pump test results. The results 
of this solution show that differences in efficiency must be ob- 
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tained for the same Reynolds number Rp, if the speed of rotation 
is changed. 

The horsepower loss BHP r due to the tangential shear for one 
ring is given by the equation 


8200-So br [(dr\? NEN 
° . e -d> Sh SR 
t-Rp Sr (**) (*) . [17] 


This equation is easily derived by assuming a constant viscosity 
except for the dimensionless factor &. The latter is a function of 
the temperature gradient along the ring length br, of the tem- 
perature-viscosity relation for the oil and of the ring dimensions. 
This factor £ is therefore responsible for the breakdown of hy- 
draulic, similarity, in so far as the ring flow is concerned, since 
obviously a constant £ would result in a continuous curve for 
BHPp as a function of Rp. Using the analytical and numerical 
results obtained for £, the ratios BHPr/So-BHPw» have been 
plotted for three speeds against Rp for pump IL 21. The latter 
shows the effect of ring friction most clearly. It may be stated 
again that these analytical results should be judged as qualitative 
rather than quantitative, until more evidence becomes available. 
The plot, however, brings out clearly that the shift in power and 
efficiency-loss curves found in Figs. 14 to 16 for the various speeds 
is at least partly due to ring losses. 

It can further be shown that increasing the ring clearance or 
shortening of the axial length of the rings does not have a corre- 
sponding effect on the power losses. This has also been proved by 
a few experiments, which, however, are not sufficiently complete 
to allow general conclusions at this time. The reasons for this be- 
havior are probably that both measures produce increased leak- 
age, thereby increased cooling and correspondingly higher tan- 
gential shear. 

(d) Miscellaneous Losses. The only losses not discussed so far 
are stuffing-box losses and bearing losses. The latter are not 
affected by the type of liquid pumped and little need be said 
about them here. The stuffing-box losses are of the same type as 
the ring losses; their variation with the Reynolds number for any 
given pump will accentuate the tendency toward dissimilarity of 
hydraulic behavior, produced by the influence of the ring losses. 


BHPr= 


SuMMARY OF EXPERIMENTAL RESULTS 


(a) General Discussion and Methods of Presentation. All ex- 
perimental data were plotted in the customary way, i.e., per- 
formance curves showing input horsepower, head, and efficiency 
were plotted against discharge from complete shutoff to the 
maximum flow, which was always larger than the normal flow. 
All analysis work started from these basic curves, of which there 
are more than 220 covering a range of viscosities from that for 
water to 10,000 SSU. The analysis as carried out in the following 
is only concerned with the effect of viscosity on the so-called 
‘normal performance points” of the pump, i.e., on the maximum 
efficiency. The influence of the viscosity on the shape of the 
performance curves may give considerable insight into the rela- 
tive distribution of the various losses. Time at present did not 
permit, however, any further exploitation of these results, which 
must be reserved for a future date. In the following are given 
the methods which were followed to obtain systematically the 
variation of maximum efficiency, head, and input-horsepower 
with increasing viscosities: 

1 The first approach considered the normal discharge for 
water as a' constant also for the oil runs. Corresponding effi- 
ciencies and heads were obtained from the oil-performance curves 
and dimensionless correction curves were plotted as a function of 
Reynolds number. This was feasible only for lower viscosities 
and seemed to provide a good basis for comparison with water 
runs since all average velocities remain the same for water and oil 
runs. Thus the influence of viscosity is shown immediately and 
clearly. Increasing viscosity causes changes in the velocity 
distributions everywhere in the pump, which tend to become 
more and more nonuniform. ‘Thus the kinetic-energy content 
of the flow must increase at the expense of the potential energy 
and, in addition, friction losses also grow rapidly for lower Reyn- 
olds numbers. The conversion of the kinetic energy to poten- 
tial energy is naturally accompanied by higher losses. The size 
of the volute may not favor the same efficiency of conversion as 
for water. Furthermore, the velocity-head corrections are calcu- 
lated on the basis of average velocities rather than on the basis of 
true kinetic-energy contents. A large decrease in head is there- 
fore noted together with the lowering of the efficiency. Since 
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the efficiency on the basis of constant Qo departs markedly from 
the maximum or peak efficiency for higher viscosities, the method 
proved very soon impractical, as can be seen from Fig. 18, and was 
therefore given up. 

2 At times it has been suggested to assume a constant 
head, regardless of viscosity. This gives normal capacities which 
are very soon much lower than the one corresponding to maximum 
efficiency as can easily be verified on Fig. 13. However, for 
viscosities up to 100 SSU either method. may be used without 
introducing large errors. 


3 It was found that if the ratio (Qo/-V Ho) was assumed 
to remain constant as calculated from the water performance, 
a parabola could be plotted, which would intersect the head- 
discharge curves at the point of maximum efficiency, as 
shown in Fig. 13. This proved to be especially helpful in view 
of the fact that for lower viscosities it is impossible to decide by 
inspection only on a point of maximum efficiency and correspond- 
ing normal discharge, head, and power. This method was used 
therefore in plotting the information presented in the following 
graphs, which represent the essential results of the study for easy 
reference. These graphs give the complete Reynolds number 
characteristics for the practical range of operation for all four 
pump variants. 


(b) Influence of Viscosity on Performance. 


1 Normal Head and Capacity. A few general remarks are in 
order to explain Figs. 14and 15. All heads and horsepower inputs 
are given in terms of their corresponding water equivalents and 
are plotted against Rp. The efficiency loss (100 — e)/100 was 
plotted in preference to the efficiency, since logarithmic scales are 
used, so that accidental errors are shown in correct proportion. 
All curves show the water performance points on the right-hand 
side in black with special marks to identify the different speeds. 
The points for thin oil are white, followed. by light oil points in 
black, and finally the points for heavy oil are white again. This 
identification by liquids proved desirable, since differences in per- 
formance were discovered as the liquid was changed, even 
though the Reynolds numbers remained of the same order of 
magnitude. The explanation for these differences is given later 
with the reasoning relative to the shift of curves with speed. The 
general trend of the curves is self-explanatory with decreasing 
heads and with increasing power input and efficiency losses as the 
Reynolds number decreases. The striking influence of the disk- 
friction losses becomes apparent by comparing Fig. 11 with Figs. 
14and 15. The steep rise in efficiency losses is directly traceable 
to the change from turbulent to laminar disk-friction losses. A 
special curve for reduction in capacity was found unnecessary 
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since the discharge Qo can be obtained from Ho on the basis of 
Qo = K ‘V/Ho wherein K = Q,/*~/H,._ The latter relationship 
was found to hold true for Reynolds numbers Rp as low as 3000 to 
4000. Below these values of Rp the capacity decreased more 
rapidly, the head-capacity curves became very steep and the 
points of maximum efficiency had to be picked by inspection. 
This, of course, results in greater scattering of the points, since at 
the same time the general accuracy becomes lower. A slight 
shift in the capacity may produce an extremely large change in 
the head. However, it is felt that the lower limit of Rp = 4000 
will terminate almost any range that might come up in actual 
practice. 

2 Input Power. The input power curves represent a correc- 
tion factor by which the water horsepower input (BHP »»), as cor- 
rected for specific gravity, is to be multiplied to get the horsepower 
input for oil (BHP:). These curves indicate a rather large in- 
crease in the latter for Reynolds numbers, for which the head and 
. capacity corrections are almost insignificant. This would be fur- 
ther proof of the contention that the decrease in efficiency and the 


increase in power input for Reynolds numbers near the 100,000 - 


mark is mainly due to the disk and ring friction. It should also be 
noted that pumps IL 11 and IL 22 show the largest increase here, 
while IL 21 with a small impeller but relatively large rings and 
IL 12 with an open impeller show smaller values. The rise in 
input horsepower for lower values of 2p is more or less linear in a 
log-log plot, corresponding to the change with Reynolds number 
of all hydraulic losses including disk and ring friction. For 
all pumps, differences in power input are found for constant 
Reynolds numbers as a function of speed. This may be explained 
in part by the effect of ring and stuffing-box friction as outlined in 
a previous section. The running temperature for higher speeds 
increases, this in turn causes a reduction of the shearing stresses, 
and thereby a reduction also in the percentage of ring losses in 
terms of total power input. The larger the power output for a 
given pump, the smaller will be the ring losses in per cent of in- 
put power for the same Reynolds number. 

Tt is obvious then that these differences should be most con- 
spicuous for pump IL 21 where the output was very small and 
that the difference between low and medium speed for pump IL 22 
is much less, since the impeller of the latter was 35 per cent 
larger in diameter for the same inlet and ring dimensions. It is 
clear, furthermore, that the results for pump IL 11 will show the 
influence under discussion even less, since the rings here are very 
small in proportion to the impeller and therefore have but little 
effect on the total losses. The stuffing-box losses will accentuate 
the phenomenon, since IL 21 and IL 22 are double-suction pumps, 
while IL 11 is of the single-suction type. The disk-friction 
losses in contrast to the ring-friction losses will in general be 
larger for low-specific-speed pumps. They will therefore affect 
the performance of IL 11 most of all and will have a minimum 
effect on the behavior of IL 21. This, of course, was one of the 
reasons for selecting these pumps. It should also be mentioned 
that the curves for power input correction and efficiency loss for 
the low speed are probably not of practical value, since such 
speeds are seldom employed. They were included in these tests 
mainly to bring out the effect of speed and in order to increase the 
range of Reynolds number for each oil. 

3 Maximum Over-All Efficiency. The tendencies of the head 
and input-power correction curves are essentially reflected in the 
plot of the ratios (100 — e)/100 against Reynolds number. 
These curves will show all the discontinuities encountered with 
each of the other types to a somewhat larger scale. The question 
may be asked, why the efficiency loss was not given as a fraction 
of the efficiency loss for water. The argument against the latter 
method would be that the efficiency loss itself represents already, 
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to a certain extent, a dimensionless factor of resistance for a given 
type of pump, similar to the pipe friction factor (f) for a given pipe 
with relative roughness (e/d)5. Just as it would be unwise to 
divide all pipe-friction factors by the special values of (f) obtained 
for various values of ¢/d, so nothing could be gained by dividing 
all efficiency losses by the water efficiency. Since all efficiency 
losses remain constant with respect to Reynolds number in the 
range of water or air performance, while Reynolds number deter- 
mines the behavior for more viscous liquids, the analogy to pipe- 
friction phenomena is close. The relative roughness of the pipe 
would find its counterpart in a specific speed modified to include a 
relative-roughness parameter. However, such an undertaking 
must be postponed until such time when more experimental 
material, systematically sifted and co-ordinated, is available. 
The efficiency-loss curves for low Reynolds numbers show a re- 
versal of the trend at which the losses increase. It was pointed 
out before that below Reynolds numbers of Rp = 3000 to 4000 the 
capacity decreases at a much faster rate than above those values. 
A special capacity correction curve should have been added, 
which, however, was not believed necessary in view of its negligi- 
ble practical significance and of the somewhat uncertain evidence 
which permits a wide interpretation, as can easily be seen in Fig. 
13. If wanted, it can of course be calculated from the other 
curves. 

There is, however, an interesting explanation for the lower rate 
of increase of the efficiency losses, which takes into account the 
heat exchange in the pumps. If no heat were developed by ring, 
stuffing-box, and disk friction, the efficiency would reach in- 
significant values very fast. As it is, the heat developed when 
heavy oils are pumped, will slow down this development con- 
siderably. As the capacity decreases the cooling of the pump 
body decreases, so that the efficiency-loss curve will approach a 
value of unity only for very small Reynolds numbers. The 
ultimate performance will be such that oil can be pumped only as 
it is warmed up by the dissipation of almost the entire power in- 
put into heat. The fact that this tendency became apparent in 
the curves also points to the limits of the practical use to which 
centrifugal pumps may be gainfully employed in pumping viscous 
liquids. 

Because it was desired to show the application of a different 
Reynolds number, the results for pumps IL 11 and IL 22 have 
been plotted against Rg = (283.7-Qo/d;,:v' 10°). This, as is 
shown in Fig. 16, results in changing the order of magnitude of the 
Reynolds number by a factor of ten and since Qo will decrease 
somewhat with Reynolds number, the curves will be stretched 
over a wider range. But essentially nothing new is gained from 
this plot and the difficulty of having an unknown quantity Qo in 
the expression for Rs makes its usefulness quite doubtful. 


GENERAL CONCLUSIONS 
GpnpraL Reynotps NuMBER CHARACTERISTICS 


The results of the experimental and analytical work described 
so far show clearly that resistance of a centrifugal pump can be 
represented by distinct curves plotted against Reynolds number 
Rp = 2620(Nd,2/v-10°). Three curves are normally required 
to describe the behavior as a function of Reynolds number Rp: 


1 Ratio of normal head for oil Hy to the normal head for 
water: Ho/Hy 
2 Ratio of normal power input for oil BHP to the normal 
power input for water corrected for specific gravity: 
BHP)/(s.:BHP w). 
3 The efficiency e or better the efficiency loss (100 — e). 
The capacity correction for the practical range of operation 


Q,/Qwis equal to the square root of the head correction: V/ H,/Hw. 
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In order to facilitate the conversion from the conventional 
SSU units for the viscosity to v- 105 in square feet per second as 
used for the computing of Reynolds number, the equations of 
conversion may be stated here 


140 
f > -105 = {| 0.2 Se eee bei c-c 1 
or SSU > 100, »-10 (0 37 SSU ~) [18] 


108 = = 20.) 
for SSU < 100, »-10 (o2u SSU ssuy" [19] 
In Fig. 17 the Reynolds number characteristics for the ‘‘normal”’ 
pumps IL 11 and IL 22 have been summarized for the purpose of 
practical application. It is proposed to use these curves for 
making general corrections for a range of specific speeds from 800 
to 2200 approximately. Values for pumps of different water 
efficiency may be interpolated. 

It is of importance that the experimental material basic to the 


eventual adoption of correction curves be greatly increased by 
further analysis and co-ordination of available information and 
possibly by additional testing. It is naturally desirable to trans- 
late eventually all the calculations necessary at present in using 
these curves into graphical and tabular form for easy application 
in practice. It was felt, however, that it would be valuable to 
have first the benefit of an extensive discussion by all those inter- 
ested in this problem, before too much time is spent in adapting 
the present results to practical use. 


INFLUENCE oF DesiGN FEATURES ON THE REYNOLDS NUMBER 
CHARACTERISTICS 


The general trend of the Reynolds number characteristics 
indicates three different zones within which the influence of the 
major losses is changing in weight. 

1 For the range of water and air performance above Rp ~ 
10° the efficiency losses are essentially due to the hydraulic 
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“through-flow’’ losses, followed in importance by disk friction 
and by leakage. 

2 For Reynolds numbers Rp ~ 108 down to Rp = 104 the 
increase in power input is caused mainly by rapidly growing disk 
and ring friction losses, while through-flow losses increase at a 
comparatively low rate. The latter fact is indicated by the 
relatively small decrease in head and capacity, which proves that 
turbulent flow persists essentially throughout the pump. Leak- 
age losses have assumed a negligible part. 

3 For Reynolds numbers lower than Rp = 104 the through- 
flow losses increase more rapidly as indicated by a marked down- 
ward trend in head and capacity. Laminar-flow conditions are 
gradually established for the main flow. Disk and ring losses 
become less dominant and due to the large dissipation of power 
into heat on account of the latter the general rise in the efficiency 


losses is retarded. 
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Due to the complex nature of the flow through a pump it is 
naturally impossible to fix any Reynolds number Fp for the be- 
ginning of laminar-flow conditions for any one pump. It is even 
less possible to determine such a critical Reynolds number as a 
general criterion for all pumps. However, it is quite obvious 
that such a value of Rp would have little critical significance and 
is in no way analogous in this respect to the critical Reynolds 
number for pipe flow. The complexity of the losses and the non- 
uniform character of the flow preclude a sharp break in the line of 
resistance and point toward a very gradual and smooth transi- 
tion between the two states of flow. Thisis indeed the conclusion 
to be drawn from the curves of Figs. 14-17. 

A few additional conclusions may be drawn with respect to 
design characteristics: The head correction curves show that for 
low viscosities and low specific speed (pump IL 11) the head 
may increase at first above that produced for water. This is 
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believed mainly due to the large effect of disk action for such 
pumps, since the pumping by disk action here becomes a con- 
siderable percentage of the total capacity. Further proof for 
this contention is supplied by the curves for the open impeller 
of the same pump, which show a lower head and lower power in 
the same range of Reynolds number. 

If ring losses are to form a small part of the total losses, ab- 
normally low speeds should be avoided. The useful output of a 
given pump is increased considerably for viscous conditions of 
flow by increasing the speed, since the influence of ring losses is 
diminished. This tendency is exemplified by the curves for the 
higher-specific-speed pump IL 21, which shows the greatest 
improvement with higher speeds, since ring and stuffing-box 
losses form a large percentage of the total losses for the lower 
speeds. 

Individual losses, which are due to “hydraulic friction,’ to 
disk action, to ring and stuffing-box friction, are not easily 
separated at present but will vary apparently within reason in 
a proportional manner for pumps of conventional design. It 
may be assumed that a decrease in disk friction for a higher 
specific speed is compensated for in part by the relative increase 
in ring friction for this type of pump. However, there is still a 
net gain in efficiency when compared on the basis of constant 
Reynolds number and considering only the curves of Fig. 17. 
Compared on a percentage basis the efficiency losses differ less 
for low Reynolds numbers than for the water performance runs, 
since the curves converge rather rapidly for a certain range of 
Rp values. 

A considerable increase in the running temperature for a given 
pump is caused by ring and stuffing-box friction. While the 
evidence on hand does not permit more,than a qualitative esti- 
mate of the influence of the pump temperature on the per- 
formance, it may be stated that for a given Reynolds number 
and a given speed the efficiency is somewhat higher and the 
head produced is increased, if the running temperature is high. 
In the range of Rp, where Heavy Oil (HO) and Light Oil (LO) 
points overlap, the curves show a distinctly higher head for the 
former, since its temperature is high here while the Light Oil 
is cold. These remarks are made at this time with the intent 
of calling attention to the influence of the running temperature 
rather than with the idea of suggesting definite answers. 

Attempts have been made during the evaluation of the data 
to analyze the individual losses separately and to deduct from 
the power input the influence of disk and ring friction. While 
expressions for disk friction give probably the order of magnitude 
of these losses correctly, the ring friction is not as easily calcu- 
lated, since it is influenced to a decisive degree by large tem- 
perature changes in the ring space. For the time being, there- 
fore, the attempt at isolation of the hydraulic losses from the 
input power was discontinued. But it is clear that eventually 
this phase of the problem will have to be solved, if further insight 
into the relative distribution of these losses is to be gained. This 
will be a very fruitful subject for further experimental studies. 


RECOMMENDATIONS 


On the basis of the information made available in this paper 
it is possible to propose some very definite future steps toward 
a final solution:of the problem under discussion. 

1 A considerable amount of detailed information, which up 
to date seemed irrelevant, should be disclosed by the profession 
as a result of the material published here. This material should 
be critically sifted and co-ordinated by a central agency on the 
basis of all the pertinent variables involved. 

2 The information embodied in the performance curves and 
data, of which the results presented form an important but rela- 
tively small part, deserves further analysis. The influence of 
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viscosity on part-load and overload operation should be cleared 
to a certain extent. Since disk and ring friction losses remain 
more or less fixed regardless of discharge, the detailed analysis 
of input and output curves should yield valuable information 
toward separation of these losses from the hydraulic losses. 

3 The problem of ring friction should be studied further, 
analytically and experimentally. Applications toward im- 
proved stuffing-box design and use of mechanical seals may be 
included here. 

4 Analytical studies should be undertaken to determine the 
influence of relative roughness and of specific speed as variables 
influencing the efficiency, so that eventually a set of universal 
performance curves may be plotted including these quantities 
in addition to Reynolds number. 

5 Additional performance tests should be made with pumps 
of different design, especially with pumps of higher specific 
speeds. Such tests could be made on a much more economical 
basis now, since the pertinent variables and trends are estab- 
lished. Effects of changes in design should be systematically 
studied. 
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Discussion 


N. Treritow.* The writer would like to congratulate the author 
on his paper, which provides an outstanding contribution to our 
knowledge of the viscous-flow characteristics of the centrifugal 
pump. He would like to endorse the author’s statement that 
previous investigations have provided only temporary methods 
of approach; they have, however, served a very useful purpose 
indeed pending the accumulation of knowledge which permits a 
more scientific study. 

Past contributions to engineering societies, and in published 
works, have always given rise to a good deal of discussion in 
which the theoretical principles associated with the Reynolds 
number of a pump have been ventilated at considerable length. 
All previous treatment of this subject, however, has been purely 
academic and has not been supported by practical evidence. 

The researches now recorded by the author have done much to 
fill in this missing information and permit us to make a more 
accurate assessment of the influence of Reynolds number on per- 
formance. The writer would go so far as to say that this paper 
provides the first convincing evidence that he has seen in which 
the influence of running speed is demonstrated. 

It is encouraging to learn from the paper that the author pro- 
poses, at a later date, to reproduce the results of his observations 
* in a form which will lend itself more easily to the solution of prac- 
tical problems. It is hoped, therefore, that some suggestions re- 
garding the method of approach will prove helpful. 

The method adopted by the author to correlate an almost be- 
wildering series of observations is to plot, in the Reynolds 
curves, only the pump performances corresponding to maximum 
efficiency. To do this he has suggested that the locus of the 
maximum-efficiency point on the head-capacity curves, follows 
the law Q/+1/H = constant. 

It will be seen from the paper that this is a reasonable method of 
approach,-and it has induced the writer to examine, from this 
viewpoint, the information in his own possession. This ex- 
amination suggests that the path of the maximum-efficiency point 
on the head-capacity curves corresponds more nearly to constant 
specific speed than to constant Q/+/H. 

As an example, the curve in Fig. 18, taken from a paper‘ by 
the writer, and plotted on the basis of imperial gallons per 
minute, shows the characteristics of an 8-in. single-stage volute 
pump when handling oils of different viscosities. On these 
curves has eee superimposed the constant-specific-speed line 

3/2 
a = (2) which, it will be noted, corresponds with a fair 

2 2 
degree of accuracy to the points of maximum efficiency. A study 
of the examples in Fig. 13 of the author’s paper, shows a similar 
trend. Itis suggested, therefore, that the use of constant specific 
speed not only corresponds more nearly to observed results but, 
for reasons which are given later in this discussion, may also have 
other advantages when the available information is applied to 
practical problems. 

The writer has also analyzed the results of a number of viscous- 
flow tests in a series of curves in which head and efficiency per- 
formances are plotted against N, in the manner suggested in the 
paper, but now on the basis of constant specific speed. The 
available number of tests is limited, but they do suggest that a 
reasonable measure of agreement may become possible, as indeed 
it should, if pumps of similar specific speeds are compared. 
There is a fair amount of “scatter”? but not more than one might 


3 Consulting Mechanical and Electrical Engineer, Manchester, 
England. 

4A Survey of Modern Centrifugal Pump Practice for Oil Field and 
Oil Refinery Services,” by N. Tetlow, Proceedings of The Institu- 
tion of Mechanical Engineers, vol. 150, 1943, pp. 121-134. 
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expect, bearing in mind the large number of variables and the 
ever-present possibility of experimental errors. It is suggested, 
therefore, that a more complete investigation on this basis may 
prove illuminating. 

If the writer’s preliminary observations on this subject are 
supported by further investigation, then it should be possible to 
prepare a complete family of Reynolds curves to cover all varia- 
tions in speed, size of pump, viscosity, etc., each curve correspond- 
ing to a particular specific speed. In this event, the advantage of 
using the constant-specific-speed line instead of the constant 
Q//H line proposed by the author will become evident. Given 
any duty to be performed, once the running speed is determined, 
it will then be possible to calculate the specific speed, a figure 
which will establish immediately the appropriate correction 
curve to be used. 

Such a series of Reynolds curves to cover the usual range of 
specific speeds would provide a concise means of applying the 
results of the author’s tests to practical problems. By their use 
the size of pump most suitable for the duty required could be 
established, the problem being simplified by our knowledge that 
the specific speed will be constant whether handling a viscous 
fluid or water. 2 

It would be possible also to superimpose on the Reynolds 
curves the maximum-efficiency duties, when handling water, for 
any range of pumps available. Not the least advantage of this 
method of approach is the fact that maximum possible efficiency 
when handling the viscous fluid could be assured automatically. 

The writer would like to have studied this method of approach 
more carefully, but the combination of postal delays and closing 
date for communications does not permit this. It does appear 
possible that there may be a reason, based on fundamental prin- 
ciples, why the constant-specific-speed line should correspond so 
nearly to maximum-efficiency performance. He would like the 
author to approach the problem from this angle and would be 
grateful for any observations he is able to contribute. 

The writer has only one criticism to make regarding this 
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admirable contribution to engineering science. The value of 
the paper would have been increased enormously if the author 
had found it possible to append a list of the symbols and the 
units of measurement used throughout the paper. When deal- 
ing with such measurements as viscosity and Reynolds number, 
it is so easy to introduce an element of confusion that it is hoped 
he will find it possible to include this additional information in his 
closure to the paper. 


A. HotuanpEr.® The author has made an important contri- 
bution to a subject which is badly neglected by the manufacturers 
of centrifugal pumps. It is regrettable that owing to the severe 
limitation of the length of the paper, some pertinent data were 
obviously omitted, thus preventing the examination of some 
aspects of the problem which are different from those of the 
author or held for future papers. 

For example, the writer posed the question some years ago 
whether the affinity law broadened to include viscous liquids but 
narrowed down to head and capacity so as to exclude brake horse- 
power and efficiency and with these the external losses, is valid or 
not for the same Reynolds number. According to this law, tak- 
ing a single impeller and having available the complete head- 
capacity (QH) curve for a given constant speed (NV) and viscosity 
(v) from shutoff to zero head, for another speed (KN), another 
complete head-capacity curve could be figured point by point for 
a viscosity (Kv); the corresponding points of capacities would be 
KQ and of heads K?H. Comparing the through-flow at any 
point of the impeller, the velocity diagrams should be similar for 
the two speeds of operation. The Reynolds numbers at different 
points of the impeller or case will vary for a single test point, but 
for the second test at a different speed and the same viscosity- 
speed ratio, they should vary the same way, because at any given 
point of the impeller or case the Reynolds numbers are identical 
for the two tests at corresponding capacities. For instance, if we 
have the test of pump IL11 at 2330 rpm and 10,000 SSU, we could 
figure the head-capacity curve for 1750 rpm, that is, */, speed for 
7500 SSU, using as corresponding points 3/, capacities and 9/16 
heads. .This is the only viscosity for which the foregoing test 
could be used at 1750 rpm. Going up in speed to 3500, the same 
test would give a performance for 15,000 SSU viscosity. 

This prediction of the complete head - capacity characteristics 
from a test at a single speed for other speeds and viscosities, which 
have the same N/y ratio (that is, the same Reynolds number) 
would be very desirable even if the best efficiency points were not 
at corresponding points due to a different change in the external 
losses. Unfortunately, the published data of the author (Figs. 
14 to 17) show only one point of the performance curves at which 


one is the same as the Qo for the best efficiency point for 
WV Ho Vi 


water. Now the affinity law is valid for water (see Fig. 8, 
where the points coincide), so that 


Qu. = K,Ni and V Hw = KiN; 
For any other speed 

Que = K,N2 and V/ Hin = K,Ne 
so that 


a @: = Ka const 


V By 2 WV He Ky, 


means that corresponding points are plotted. What the author’s 
modified affinity law tells usis, that for a given Reynolds number 


5Associate Professor of Mechanical Engineering, California In- 
stitute of Technology, Pasadena, Calif. Mem. A.S.M.E. 
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the Ho/H, points should coincide. This is true for pump IL21, 
Fig. 15, showing a single line for this curve, and except for a short 
section for [L22, which shows about a 3 per cent deviation be- 
tween Rp = 104 to 2.5 X 104. 

The smaller pump IL11 shows a similar, and IL12 a somewhat 
greater deviation. Of course it would be instructive to see 
Q 
VH 
values for the whole performance curve. This would eliminate 
any doubt whether the deviations, amounting to something like 
+4 per cent, are due to experimental difficulties in a small region, 
which might arise if the flow at some point would be going through 
a Reynolds range between laminar and turbulent, where the repe- 
tition of a test point even in plain pipe flow is difficult. Also, it 
would be desirable to make tests with a much greater speed 
range, which would permit a similarly greater viscosity range for 

verification. 

If, because of secondary effects, the affinity law were not fully 
valid, the second question that is posed is whether it would not 
be valid for geometrically similar pumps operating at speeds and 
viscosities giving the same Reynolds number against the same 
heads. In this case the speeds would be inversely proportional 
with the sizes and the viscosities proportional with the speeds. 
The velocities (peripheral, relative, and absolute) for correspond- 
ing points would be identical at the same heads, so that the 
corresponding flow rates would be proportional with the areas 
(square of the size ratio). Having made a set of tests at different 
speeds and viscosities with a single pump, we could predict the 
performance of a similar pump of size ratio (Kp) for speeds and 
viscosities (1/K>p) times the test figures. 

A confirmation of these laws, which follow from a dimensional 
analysis, would leave as the only criterion for the prediction of 
the performance of similar pumps for viscous liquids the equation 


K?pKy 
Ky 


whether or not these deviations remain so small at other 


= const 


where Kp is the size ratio, Ky the rpm ratio, and K, the viscosity 
ratio. % 

It should be noted that, strictly speaking, the foregoing con- 
siderations are only valid if the leakage through the wearing 
rings is neglected; otherwise the zero point of the abscissa should 
be shifted by the amount of leakage, which differs for every head, 
even for a single Q-H curve at constant speed and viscosity. 
However, it seems that disregarding this leakage is permissible, 
because it is a relatively small percentage of the total flow (except 
near the shutoff point) and particularly for higher viscosities. 

Lacking a reasonable theory, the reduction of Q and H ata 
constant speed and increasing viscosities can be determined only 
by experiments as the author conducted them. Even with a 
consistent design of a line, these should be repeated for different 
types, that is, pumps of different specific speeds over a wider 
range. Different hydraulic designs, such as single- and double- 
suction pumps, should come under different headings as pri- 
marily they should be compared between themselves, and only 
secondarily should: the comparison be made between the two 
lines (a) for the same duty (Q, H, NV) as the author did, and (b) 
for the same flow lines in the impeller, that is, taking one half of 
the capacity of the double-suction impeller, because it consists 
of two single-suction impellers pasted together with the central 
bridge omitted well below the outside diameter. For a given 
duty and particularly for low-specific-speed pumps, the single- 
suction pump should give better performance, and this even more 
pronouncedly for small sizes (lowest Reynolds numbers). 

Going to the next step, that is, predicting at least one impor- 
tant point of the performance at different viscosities, the writer 
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would suggest for this, instead of the point of best efficiency, the 
point of maximum water or oil horsepower. This is a reasonably 
definite point, undisturbed by external friction losses, such as 
disk or ring friction, but dependent substantially upon the flow 
through the impeller arid case only. 

This approach would be in line with the author’s laudible start 
of trying to separate the external losses, which could therefore 
be deducted from the brake horsepower. This figure, compared 
with the water or oil horsepower, would show the effect of viscos- 
ity on the flow or on the hydraulic efficiency of the pump. 

The hesitation of the writer to use water or oil horsepower is 
due to the lack of an acceptable term, which should rightly be 
“output horsepower.” After all, the pump is lifting in unit time 
a certain weight of liquid to a given height, and the product of 
these, times a constant, while regularly called ‘‘water horsepower,”’ 
because water is the pumped liquid, is really output horsepower 
for any liquid. 

It seems that for the two complete tests shown, the points of 
maximum output horsepower are on a line of 

See 

32/H 

Other tests indicate a different exponent of H, as one would ex 
pect from greatly varying designs. 

These points of maximum output horsepower are for water not 
far from the best efficiency point, and if they separate further at 
greater viscosities it is a sign of a different change in the hydraulic 
and external losses. Any effort to obscure the condition with a 
single curve for the best efficiency point, as was always done, 
seems to give a finality to the results which is not warranted and 
would retard the more fundamental examination that is called for. 
The omission of the output-horsepower curve from the standard 
pump-performance curves which show head, efficiency, and 
brake horsepower as a function of flow rate at constant speed, is 
even for water objectionable, because it does not show some 
important characteristics of the pump which would lead to a 
more intelligent appraisal of its worth. 

The value of the different maximum output horsepowers as a 
function of viscosity is really the function that the designer or 
user wants, after the QH function for maximum output horse- 
power is known. With the latter it gives the relative change of 
Q and H with viscosity.’ With the external losses determined for 
different viscosities, the hydraulic efficiency could be figured 
besides the over-all efficiency as was previously done to give a 
complete picture. Following this through for different types from 
zero to shutoff head would possibly shed some light on the very 
irregular flow at partial and overcapacities, not only on the 
maximum-output points hitherto compared. With this knowl- 
edge then, it might be possible to design better pumps for high- 
viscosity liquids, which oddly enough was successfully attempted 
in Professor Daugherty’s first and still classical tests (1). 

It might be argued and correctly so, that these notes are merely 
suggestions for a further program rather than criticism of the 
present paper. It is only fair to add that the author did make a 
valuable contribution and in more than one direction struck new 
paths, particularly in calling attention, to the writer’s knowledge 
for the first time, that the wearing ring friction is a major ex: 
ternal loss, which cannot be lumped together with the disk friction 
as a small additional loss. 


= const 


L. F. Moopy.® The effect of the viscosity of the fluid on pump 
performance has remained a problem without a satisfactory an- 
swer, and it has not been possible for pump designers to predict 

6 Professor of Hydraulic Engineering, Princeton University; Con- 


sulting Engineer, Worthington Pump and Machinery Corporation, 
Harrison, N. J. Fellow A.S.M.E. 


with any assurance the modification of water performance to be 
expected when pumping oils or other fluids. The existing data 
have been limited to more or less isolated tests and few com- 
parisons under controlled conditions have been available. When 
looking for the effect of the change of a single variable, reliable 
conclusions can hardly be deduced from tests on separate pumps, 
for example, or from any tests where other variables do not remain 
identical. It is believed that the author’s research is the first sys- 
tematic study of the problem under carefully controlled condi- 
tions covering a wide enough range to establish definite conclu- 
sions. 

The paper provides a wealth of data although, as mentioned 
by the author, further analysis is still needed to reduce the experi- 
mental results to readily usable form. The test data are now at 
hand, but the complex nature of the problem does not make it 
easy to apply the results to any specific case. It would bea valua- 
ble addition to the material included if sectional views of the 
pumps tested could be appended to the paper, as this information 
is necessary for complete analysis. 

The method of analysis adopted in the paper is logical and 
sound, namely, the plotting of the performance with respect to a 
Reynolds number, which reduces the results to dimensionless 
form. Several useful forms of Reynolds number are used, one of 
which, Rp, depends upon the impeller speed and reflects directly 
the effects of disk friction and clearance friction, while other forms 
such as Rg and Rp reflect more directly the flow velocities. The 


; ; —e 
plotting of the proportional-energy loss ———, or as the writer 


would prefer to express it, 1—e, (using e as a fraction rather than 
a percentage) is also a reasonable procedure. 

With these data available, it would seem possible to arrive at 
some simple empirical rule which would permit us to modify the 
efficiency and head given by water performance to apply to oil, 
at least for light oils, over a moderate range of viscosities. The 
writer has found it difficult to read the small-scale logarithmic 
plottings, in the effort to find a satisfactory functional relation. 
Perhaps a function of some such form as the following may serve 
the purpose 


in which ew = efficiency for water (as a fraction, not a percentage); 
Rpw = Rp for water; and K is a coefficient, depending upon 
specific speed and perhaps other characteristics of the pump. 

It is hoped that the author will be able to continue his own 
study of the problem, and to give us an easily applied rule which 
would serve at least as an approximation close enough for prac- 
tical use. 

The fact that the curves flatten out in the region of water 
performance, so that the behavior then practically ceases to be a 
function of Reynolds number, confirms the point of view expressed 
by the writer in the past, namely, that when handling water, the 
flow in usual sizes of pumps of normal specific speeds, and still 
more clearly in hydraulic turbines, falls in the zone of practically 
complete turbulence. Accordingly, the efficiency for water opera- 
tion should be practically independent of the head, and be a 
function merely of the relative roughness of the surfaces exposed 
to the flow. ; 

The research represented by this paper is an example of sys- 
tematic hydraulic experimentation at its best, and care and 
thoroughness are evident throughout the undertaking. The re- 
sults are valuable contributions to our knowledge. 


R. L. Daucuerty.? The author has investigated centrifugal- 


7 Professor of Mechanical Engineering, California Institute of 
Technology, Pasadena, Calif. Fellow A.S.M.E. 
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pump performance with oil viscosity as high as 10,000 Saybolt 
seconds, which is a viscosity of 2200 times that of water. This is 
probably about as high as there is any practical need for going. 

The writer carried on extensive investigations in this field and 
under the same range of viscosity in 1924 and 1926, and the results 
were published in two bulletins.* Those investigations showed 
very clearly that capacity, head, and efficiency all diminish with 
increasing viscosity and that the effects were more noticeable 
with small pumps than with large ones. 

Another factor which must certainly have an influence upon 
the variation of pump performance with viscosity is the specific 
speed. The author has made a start in presenting this phase of 
the subject. However, neither size nor specific speed will tell all 
the story. Thus in Fig. 19, which the writer has replotted from 
his earlier data, may be seen the difference in the performances of 
two pumps of the same size and of substantially the same specific 
speed when operated with fluids of different viscosities. It is seen 
that the design, which is more efficient for a fluid of low viscosity, 
is less efficient for a fluid of high viscosity. 

The author has correlated his data on the basis of Reynolds 
number, but with a separate set of curves for each individual 
pump. If the rpm were also constant the only variable would 
be kinematic viscosity such as the writer has used in Fig. 19. 
Thus in Fig. 19, herewith, two viscosity scales have been added, 
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is revolutions per minute and d, is the impeller diameter in feet, 
while the kinematic viscosity is expressed insquare feet per second. 
This viscosity is equal to the viscosity in centistokes multiplied 
by 0.00001076. The writer has adhered to this combination be- 
cause it is the same used by the author, but in the writer’s opinion 


it would be more convenient to compute this by : 
centistokes 
where Dy is the diameter of the impeller in inches. 


The specific speed has been computed as 


_ rpm X V gpm 
Bite H’/s 


This is obviously the same expression which the author has used 
for his values, but it is well to state this specifically since cubic 
feet per second or other units are often used instead of gallons per 
minute. In the case of a double-suction pump, it seems prefera- 
ble to use one half of the total pump capacity in such a calcula- 
tion, but the author does not indicate whether he has followed 
that practice or not in the values which he gives. 

In Table 1 of the paper it would be desirable to define the 
meaning of the symbols there used since they are not obvious. 
In connection with Equations [2a, 6, ¢, d], it should be stated that 
N is revolutions per minute, that dz is the diameter of the im- 
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since viscosity is there the only variable entering into the Reyn- 
olds number. One of these viscosity scales is that for Saybolt 
seconds and the other is kinematic viscosity in centistokes. The 
former is used here because of its extensive employment in in- 
dustry, but the latter is a scientific unit with more physical 
meaning. Thus since at 68.4 F the absolute viscosity of water 
is 1 centipoise, and its kinematic viscosity is 1 centistoke, the 
viscosity given in either centipoises or centistokes is at the same 
time an indication of the viscosity relative to water at that tem- 
perature. : 
The Reynolds number is computed by a formula in which N 


8 Refer to Author’s Bibliography (1); an earlier bulletin was pub- 
lished in 1924. 


peller in feet, although in Fig. 11, D is used for the same value. 

It is to be hoped that the author or others may continue to 
obtain data on centrifugal-pump performances with different 
viscosities and with a range of sizes, specific speeds, and other 
design features so that eventually a comprehensive chart may be 
drawn up which would be a reliable guide for any combination of 
conditions. However, it is difficult to generalize with only a 
limited amount of data. 


O. H. Dorer.’ The author’s contribution toward the solution 
of the problem of viscosity effects in centrifugal pumps indicates 
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a method of attack attempted by the writer some time ago and 
since abandoned. By this is meant the head corrections based upon 
percentage of water performance, and some classification number- 
ing system similar to Reynolds number by using impeller diam- 
eter and finally unit speed (7), which is a function of impeller 
diameter. 
Subsequently, a formula for 
1/9 
ae 14,1004 HY 
Y 

was adopted in which G = gpm, H, = velocity head, y = viscos- 
ity in centistokes. It is seen that the troublesome size factor has 
disappeared, and this is possible through substitutions in 


Q = 0.785 D2 \/2gH, 


the usual pipe formula, where H, is the head creating the veloc- 
ity. 

In the centrifugal pump the velocity creates the head, so we 
can use a similar value for over-all Reynolds number. However, 
since the conception of H, is from an original velocity determined 
not by the developed head, but by an internal head which over- 
came all head losses in the pump, the internal rather than the 
developed head is used. The internal head corresponds to input 
horsepower with a deduction for disk friction, bearing and stuffing- 
box loss. At zero capacity the recirculation capacity is con- 
sidered in calculating internal head from the input power. 

Of the input power, that part overcoming disk friction, bearing 
and stuffing-box loss is not a direct hydraulic-flow loss. A deter- 
mination of this loss was made by placing solid dummy impellers 
in the pump casing having all details like the real impeller, except 
that the outer band normally used as discharge passage gives 
extra disk loss. Corrections were determined by extending the 
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(10-hp dynamometer used; tests eee stuffing boxes, and sealing 
rings. 4 


dummy to a rounded-nose affair, as illustrated in Fig. 20 of this 
discussion. (Water) disk horsepower follows the form of 
R5 
18hs) = SN 
Pp jem 

where R = radius, ft; N = rps; K averages 280. 

Zur Nedden” found with simple disk tests 
Ny2°R 49 

420 


However, Gibson and Ryan tests are reported at 


Hp = (average value) 


10 “Influence of Disk Friction on Turbine-Pump Design,’ by F. 
Zur Nedden, Trans. A.S.M.E., vol. 37, 1915, pp. 83-107. 


N,29 R49 


Hp = 
e 330 


Both of these are simple disks, polished, and in rough cast-iron 
surroundings; and neither of them can be considered as reflecting 
all the conditions surrounding impeller surfaces, ring, joints, etc. 
Hence their low values of horsepower are not considered to be 
applicable to centrifugal pumps. 

In order to arrive at proper wall pressures, the dummy im- 
pellers were tested under pressures at mid-radius, as recorded 
by the actual impeller during its operation. 

Disk horsepower bears a relationship to specific speed, a 
low specific speed having relatively more of this loss than higher- 
specific-speed pumps. The build-up of disk horsepower with vis- 
cosity may be very high on a low-specific-speed pump. 

While ring-leakage loss is reflected in the net output, it is 
proper to allow for it in obtaining H,. Practically, for water 
performance, H, may be determined from H, (actual head) by 
dividing it by the hydraulic efficiency, here defined as efficiency, 
not including disk horsepower. In any reasonable size pump 
ring leakage" is a small percentage; it may be neglected. 

However, with viscous oils this ring leakage decreases to some 
extent, and in small pumps its decreasing rate could improve the 
oil head obtained, above water performance. 

The basis for considering effects of viscosity states: (a) The in- 
crease in power input, corrected to unity specific gravity, is due to 
increased disk friction, see Fig. 23 of this discussion; (6) the de- 
crease in head is due to several features, i. e., the frictions in the 
passages, the lag in attaining velocity imparted by the blades of 
the wheel, and finally, the poorer efficiency of velocity-head con- 
version within the pump. 

While equal-size pumps are built with various spiral velocities, 
some relatively high, others relatively low, for similar specific 
speeds, it is clear the friction in the large-area spiral will not 
build up as fast with increase in viscosity as is the case in smaller- 
area spirals. 

A similar situation applies to impeller passages; fewer vanes 
infer larger hydraulic mean radius and lesser frictions. 

With both elements designed for low velocities to reduce fric- 
tions, there is an adverse effect in the hydraulic efficiency, and of 
velocity-head conversion. The problem in viscosity then boils 
down to which element is most destructive. It will be shown that 
frictions are more detrimental than the destruction of-velocity- 
head efficiency in some designs of pumps. 

Manifestly, each of these elements has a Reynolds number, and 
various rates of friction loss or head destruction; and while we 
apparently have a Reynolds number for the particular pump, 
there does not appear to be an over-all Reynolds-number system 
applicable to the range of pumps that may be used for viscous- 
oil applications in a manner similar to the pipe problem. 

In this connection, the theory of action in a centrifugal im- 
peller poses another problem. If all head is developed entirely 
through velocity, H, is directly determined. However, some of 
the head is composed of centrifugal force which is at a maximum 
at the shutoff and at a minimum, at large flows. In fact, when 
centrifugal force is absent, cavitation begins. Principal formulas 
for centrifugal force are given as follow 


YU, input hp — disk hp 


~ 0.1135 (Q + ring leak Q) ° 


H 


(YU2— W) . [20] 


Jaf 
i = ————— — 0.5Y? }..[21 
Per cent centrifugal force = 100 X i= NeR? 0.5 ) (21] 


11 Ring leakage was 2!/s per cent for the 4-in. pump in which the 
dummy impeller was tested, and is independent of speed, for a given 
impeller. 


U2 = peripheral velocity, fps 

W = horizontal backward component in usual velocity dia- 
gram, neglecting contraction 

Q = volume delivered, cfs 

R = radius impeller, ft 

N, = revolutions per sec 

H = impending head, ft 


With the centrifugal-force element deducted, H, is of a lower 
value and the viscosity would not affect centrifugal force except 
through additional lag of vane action on the fluid. In all follow- 
ing comparisons it has been assumed that no lag occurs. 

The 8-in. Mather and Platt pump-head results have been in- 
vestigated for viscosity at three rates of flow, Fig. 21 of this dis- 
cussion. The sudden bump in the curve may be caused by 
change of oil, even though the viscosity scale is continuous. It is 
suspected that the type of oil has some influence. Here the 
hydraulic efficiencies have been calculated on the assumption 
that all generated head comes from velocity conversion. At the 
top of the sheet a series of n exponentials indicates variation with 
constant apparent Reynolds number. 
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Pipe frictions may be compared where viscosity is the only 
variable by an exponential n of viscosity; it is nearly 0.20. For 
head conversion in the centrifugal pump, this same exponent of 
viscosity is seen to be variable and considerably below 0.20. 

The low n values of head, compared to frictional n values, in- 
fers that the head conversion which is the major part of H, 
does not decrease as fast with increase of viscosity as frictions 
increase. With the very heavy viscosities, the increase in n 
infers greater destruction in conversion of velocity to head than 
at low viscosities. 

In order to substantiate these facts, the frictional slopes for 
impeller and spiral were calculated and allowed for, as well as the 
centrifugal force, and the remaining values represent hydraulic 
efficiency of velocity-head conversion, 


a8 2.7 fH,/* 
Friction slope = ae 
through substitutions for size indicated in an earlier part of this 
discussion. 
Considering the centrifugal-force element we can write 


2.7fH F/* Fi OR he 
CRRA a, SHES O 
H, = actual developed head 
CF = centrifugal-force head 
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F,, = friction loss in spiral and impeller 
impending head 
velocity-to-head conversion efficiency factor 


#2 
i 


Here f is similar to the friction factor of pipe calculations, but 
refers specifically to a friction factor of velocity-head conversion. 

Fig. 22 of this discussion gives the results of such an analysis 
and confirms that velocity-head conversion is not destroyed as 
rapidly in some designs as friction builds up. The small-spiral- 
area pumps are more efficient as water pumps having low f values. 

The small 11/.-in. pump seems to have better f values at 75 
per cent capacity; however, this illustrates the rmg-leakage ef- 
fects which have been neglected, and which bear a larger per- 
centage to output than is the case in large pumps. The decrease 
in leakage with increase of viscosity in the small pump is re- 
sponsible for the apparent improvement in f values. 

Confirming that friction and velocity-head destruction of head 
on viscous oils do not proceed at equal rates, the 8-in. and 7-in. 
pumps are compared (Table 3 of this discussion) on a common 
flow, and viscosity, viz. 1500 gpm at 1000 centistokes viscosity. 
The velocity through the spiral of the 7-in. pump is about 2/4 
times that of the 8-in. pump. (The IL-21 pump is shown at 1050 
gpm as 930 centistokes). 


TABLE 3 COMPARISON OF 7-IN. AND 8-IN. CENTRIFUGAL 
: WITH 6-IN. IL21 PUMP 


6-in. 
7-in. pump 8-in. pump IL21 pump 
ET water Soin. steies cto Mae tere nee 165 135 80 
I OW Sib pooch ease 108.5 133 621/2 
Per cent head loss...........++ 34.2 16 21.9 
Hydraulic efficiency, water, per 
COM bik. oe area ene Galore eye eee 91.3 77.3 81.0 
Net efficiency, water, per cent. . 85.0 73 80 
Velocity efficiency, water F 90 68 73.3 
Velocity efficiency, oil.. 63.5 59 57.0 
Friction, water L575 1 1.0 
(estimated) 
Friction, ovens saceeies ecieeror 23.8 13.2 OS Siva 
Recor abt ana sicey rr igo 0.00323 0.0119 0.0168 
IO secossia t atatsee eee nner eutavost ao 0.0118 0.0152 0.271 
m exponential........+.0ee0e> 0.302 0.303 0.46 
Centrifugal force, ft.......+..+- 49.0 57.0 32.0 
(w estimated 
at 10) 


While the friction losses increased by an amount equal to 
13.4 per cent of the developed water head, the loss in converted 
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velocity head increased 21 per cent for the 7-in. pump. On the 
other hand, the 8-in. pump increases are 9.05 per cent and 6.6 
per cent, respectively, for these items. The high f,, value of the 
IL21 pump is undoubtedly due to the large cutdown of impeller, 
resulting in a relatively long space between impeller and spiral. 
This space does not appear to affect results as badly on viscosity 
as in the case of the 7-in. pump, but more so than the 8-in. pump. 

The changes in rates by which each element: behaves in the 
different types of designs appear to nullify a universal applica- 
tion of over-all Reynolds numbering system with head and effi- 
ciency correction factors applied to the water performance. 

The m exponentials affecting power are likewise variable; some 
high-head per stage pumps showing as low as 0.18. This suggests 
that rapidly moving disk surfaces create a film of apparently low 
viscosity or heating at the surfaces. 

In conclusion, it appears necessary that more test results be 
provided to develop acceptable designs for best oil performances, 
and specific methods of calculation then are a matter of choice. 


AuTHOR’s CLOSURE 


, The discussions submitted have contributed greatly to the 
further clarification of the complex problems involved in analyz- 
ing the influence of viscosity on the behavior of centrifugal pumps. 
The discussers have raised relatively few controversial points and 

-have contributed instead from their own experiences valuable 
observations and suggestions for future work which need little 
additional comment. The author indicated at various times in 
the paper that the exploitation of the test data was only partly 
completed. Considerable information should be gained from 
‘further critical analysis of the individual performance curves with 
respect to separation of “external” from so-called “internal” 
losses, by comparisons with results of other experimenters, and 
by investigating the influence of such findings on established de- 
sign procedures. The present paper was intended primarily to 
establish a common basis of discussion on the strength of exten- 
sive experimental evidence, to clarify the basic nature of the 
various losses, and to estimate their relative influence. The 
author feels greatly reassured since his line of attack was not 
seriously questioned. The work may now be continued toward 
eventual correction curves of more general validity. 

A few remarks are in order to answer some specific problems 
raised by the various contributors. Mr, Tetlow brings up the 
question whether or not the specific speed Ng should remain 
constant regardless of viscosity: Curves drawn on the basis of 
Ng — 


const (i.e. = const for a given pump and a given 


aos 
7 Hv 
speed) in the head-discharge curves give maximum efficiency 
points for high viscosities better than the author’s method of 


. essentially for practical reasons. 


845 


; Q . 
keeping we constant. Naturally various methods of defining 


normal capacity and normal head were discussed and tried dur- 
ing the analysis of the data and the present method was adopted 
Up to relatively high viscosi- 
ties the efficiency corrections obtained by either method are prac- 
tically identical. Applications where the efficiencies drop below 
30 per cent or 25 per cent are not expected to be numerous. The 
efficiencies can be kept above these values by changing the type 
or the design of the pumps (see Professor Daugherty’s example). 

It seems contrary to experience with fluid friction that a single 
law should be valid from the range of ‘‘complete turbulence” 
through the turbulent transition zone into the completely laminar 
state of the “through flow.’”’ While reduced capacity and head 
result in a corresponding shift of the peak horsepower output, 
the higher rate of increase in the so-called external losses, espe- 
cially disk and ring friction, will tend to produce a slower corre- 
sponding shift of the peak efficiency. The author agrees with the 
discussers who have pointed here to the need of further analysis 
so that the influence of the internal losses may eventually be 
separated from that caused by external losses. 

For the present the method adopted seems the most useful 


one, since the assumed proportionality of Q and / H enables 
the engineer to calculate these values for small changes in speed 
N and impeller diameter ds, in accordance with established pro- 
cedures derived from the affinity laws. It may also be called to 
mind that the usual concept of specific speed is associated with 
similar flow conditions in a given pump regardless of speed, re- 
sulting in the proportionality of speed to Q and WH with con- 
stant proportionality factors. This precludes any influence of 
the viscosity on the flow conditions. If with increasing viscos- 
ities such influences result in a marked change in these propor- 
tionality factors, the geometric similarity of the through flow is 
disturbed though the boundaries and the speed may remain 
fixed. 

For all practical purposes then, the pumping process is changed 
and it is hard to conceive of specific speed remaining constant 
under these conditions. The pump type may still be classified, 
however, by its water-specific-speed, and correction curves may be 
drawn on that basis. Since the change in the specific speed on the 


basis of Q = KVH is inversely proportional to the discharge 
correction factor, the resulting increase in the specific speed re- 
mains relatively small. Finally, it may be added that the in- 
creasing external losses also have a certain effect on the specific 
speed, since they affect the location of the maximum efficiency 
point. s 

The exact significance of specific speed therefore is not too 
clear in connectionevith the problem of viscous influences on pump 
performance. It represents a classification number for normal 
water performance, where it remains constant for a given type of 
pump, since flow conditions remain geometrically similar regard- 
less of speed and diameter. This similarity is due to the almost 
complete absence of variations in the viscous influences and to the 
minor variations of the external losses. This similarity will 
break down if the viscosity increases greatly and it seems reasona- 
ble to acknowledge this fact by a change in the specific speed. 

The preparation of correction curves is not greatly affected by 
the definitions and correlations of normal discharge and normal 
head. The author agrees, however, with Mr. Tetlow in the desira- 
bility of further analysis and of theoretical investigations on the 
foregoing question. 

Professor Hollander and Professor Daugherty have inquired 
into the definition of specific speed concerning single-suction and 
double-suction pumps. The author calculated the values of Vs 
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using total discharge Q in gpm, H in ft, and Ninrpm. It is be- 
lieved that the distinction between single- and double-suction 
pumps need not be insisted upon in connection with the problem 
in question. Using only one half the capacity for a double-suction 


- pump to obtain the characteristic specific speed is in order when- 


ever problems concerning entrance conditions and especially 
cavitation phenomena are investigated. For the problem under 
discussion it is doubtful whether a better comparison to single- 
suction pumps would be obtained except for very high specific 
speeds. If a double-suction impeller were to be replaced by 
two single-suction impellers, the hydraulic losses would probably 
be changed very little; however, the horsepower input for each 
impeller would have to be corrected for greatly increased external 
losses, since disk- and ring-friction losses would be doubled. The 
corresponding decrease in the efficiency would offset the correc- 
tion of the specific speed. Such corrections for external losses for 
these equivalent impellers could not be made in the present state 
of knowledge. 

For water performance disk- and ring-friction losses form usu- 
ally only a small part of the total losses, which are essentially 
hydraulic or internal losses there, so that such corrections would 
be of negligible order of magnitude. For these reasons it seemed 
preferable to state the specific speeds for the double-suction 
pumps (IL21 and IL22) on the basis of their full capacity. Fur- 
ther light on this question must come again from a possible 
separation of so-called external and internal losses. 

Professor Hollander has given an admirable statement and 
summary of the consequences of the viscous changes on the affin- 
ity relations and points out the direction toward the considera- 
ble work ahead in this field. It is clear that the conventional 
thinking on these affinity questions will have to be revised con- 
siderably, whenever viscosity plays a major part in pump per- 
formance. 

Professor Daugherty has plotted his test results against the 
Reynolds number Rp and since both sets of tests were run at the 
same speed, this plot is identical with that against the viscosity 
as the only variable in Rp. It should be noted carefully that the 
author’s curves in Figs. 14 to 16 represent data for three different 
speeds and therefore correlate the test material for each pump 
on the basis of corresponding N/v values, with the diameter being 
the only constant quantity in Rp. Professor Daugherty’s pump 
of higher efficiency for high viscosities represents the first success- 
ful attempt at a special design for viscous influences and is there- 
fore not directly comparable to the normal pump built for high- 
est efficiency with water. 

To facilitate further comparisons with tests of other experi- 
menters, a graphical way of determining Rp is given in Fig. 24 


of this closure, with corresponding results from the author’s tests 
integrated into three sets of correction curves for head, capacity, 
and power. The efficiency corrections are not shown, but can be 
easily obtained for any Reynolds-number value by multiplying 
the head and capacity corrections and dividing the product by the 
power-input correction factor. The use of the chart is as follows: 
From a known value of the impeller diameter in inches on the left 
scale proceed vertically upward to the intersection with the 
proper speed line in rpm. From here continue horizontally across 
to the right to the intersection with the line marked with the given 
viscosity in SSU (Saybolt seconds Universal). The value of 
Rp may now be read on the bottom scale. A vertical line ex- 
tended up will locate immediately the correction factors for ca- 
pacity, head, and input power. 

These correction curves represent the average values from the 
author’s tests obtained for the higher speeds which are normally 
employed. The individual curves are identified by the corre- 
sponding approximate specific speeds. The diagram may thus 
serve as a more easily applied method for practical approxima- 
tions, for which Professor Moody and Mr. Tetlow have asked. 
The user may be reminded, however, that no claim is made as to 
the general validity of the correction factors, since these are based 
only upon the tests and the methods of analysis reported in the 
paper. Material from other sources may be easily compared with 
these findings. 

Professor Moody has offered the form of an efficiency correc- 
tion function which seems basically sound. The author is espe- 
cially in favor of his use of (¢,, — éo) therein, which represents 
the absolute decrease of the efficiency due to the influence of vis- 
cosity. From some preliminary graphical studies of tests on many 
different pumps, it seems that (e, — é) produces the relatively 
best correlation of the results, again pointing to the predominant 
increase of external losses especially for lower viscosities. 

The author gladly complies with Professor Moody’s suggestion 
of showing the pumps tested in sectional views by courtesy of the 
Ingersoll-Rand Company. Fig. 25 presents the pump labeled 
IL11, which indicates the closed impeller, and Fig. 26 shows the 
pump IL22. It is to be recalled that pump IL21 differed from the 
latter only by having an impeller of smaller diameter. 

Little can be added to Mr. Dorer’s remarks which are con- 
cerned extensively with the analysis of individual internal and 
external losses. The author prefers the method of determining 
disk friction indicated in Fig. 11 of the paper, which is based 
upon sound analytical and experimental evidence and would like 
to call attention to the considerable influence of wearing-ring fric- 
tion. Mr. Dorer’s Reynolds number Ry is identical with the 
author’s Rp, as can easily be verified by substituting for (H,)'/4 


Ba 
coi 
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Fic. 25  Crospp-Impe“ier-Typp Pump IL11 
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Fie. 26 Dovsin-Suction CenTRIFUGAL Pump, IL22 


1/9 
in terms of (2) and by changing the constants correspond- 


ing to units employed. This Reynolds number differs from Rp 
only by the proportionality factor relating Q, to ND*. Since 
these proportionality factors are dependent upon the viscosity 
and Reynolds number, their use in defining a Reynolds number is 
impractical, because trial-and-error methods have to be employed 
in solving for the correction factors. Reynolds number Rp is 
determined by diameter, speed, and viscosity and immediately 
locates the proper correction. Aside from this practical advan- 
tage, Rp is of particular significance for disk and ring friction as 
pointed out before. 

In conclusion the author wishes to express his appreciation for 
the interesting contributions made: in the discussion. They 
have helped greatly to stimulate and to clarify further thought on 
the complexities inherent in this problem of viscous effects on 
centrifugal-pump performance. 


APPENDIX 
AvuxILIARY TABLE OF NOTATIONS 


Tables 1 and 2 (all dimensions in inches): 


D, = diameter of suction pipe 

D, = diameter of discharge pipe 

D, = diameter of entrance section of impeller 
D, = diameter of exit section of impeller 


iS 
| 


= diameter of shaft 
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width of exit section of impeller 
diameter of wearing rings 

width of wearing rings 

diametral clearance of wearing rings 


= 


(ci) 


h = differential head of liquid, ft 


Subscript (2) refers to orifice and Venturi-throat diameter; 
subscript (1) to diameter of line of approach. For water 
flowing through orifice Cp = 0.6185, and Ky = 1.00 


Equations [1 to 17]: 


H,, = head produced by pump for water, ft 
H, = head produced by pump for oil, ft 
Qo’ = discharge, cfs 
Q. = discharge, gpm 
d;, = equivalent eye diameter of impeller, ft 
v; = velocity in equivalent eye section, fps 
d. = impeller diameter, ft 
be = impeller width, ft 
» = angular velocity in radians per sec 
N = rpm of disk or impeller 
u2 = tangential velocity at impeller exit, fps 
v2 = relative velocity at impeller exit, fps 
y = radius of disk or impeller ; 
6 = thickness of boundary layer near disk 
Sp = clearance between disk and housing wall 
dp = diameter of rings, ft 
be = width of wearing rings, ft 
Sp = clearance between rings 
y = specific weight of fluid, lb per cu ft 
So = specific gravity of oil 
Fig. 10: 
w:r = tangential velocity of disk ' 
u = tangential velocity of liquid in boundary layer 
v, = radial velocity of liquid in boundary layer 
0, 
tan a, = — 
u 


z = distance from disk surface within boundary layer 


Fig. 11 


(max = 5) 


D = diameter of disk in ft. 


The Theory of Moving Sources of Heat and 
Its Application to Metal ‘Treatments 


By D. ROSENTHAL,! CAMBRIDGE, MASS. 


The theory of moving sources of heat has been instru- 
mental in providing the welding engineer with a scientific 
criterion of weldability of steels. The author outlines 
briefly the fundamentals of this theory and derives ap- 
propriate solutions for linear, two- and three-dimensional 
flow of heat in solids of infinite size or bounded by planes. 
Point, linear, and plane sources of heat are examined. 
The solutions obtained are then applied to welding prob- 
lems. It is shown that these solutions are in good agree- 
ment with the experimental results, and that they afford 
a close analysis of the factors governing the heat flow in 
welding. The most interesting result of the theory, 
however, is the derivation of a single formula capable of 
predicting the time and rate of cooling with a fairly good 
accuracy for a wide variety of thicknesses of steel, ranges 
of temperature, and welding conditions. An attempt 
has been made also to show how this theory could be ap- 
plied to other problems of metal treatment, such as 
rate of extrusion in continuous casting, or control of 
flame-hardening and continuous quenching operations. 


INTRODUCTION 


HE theory of heat flow due to a moving source so far has 
| eS little attention in the general treatment of heat 

flow in metals. Yet the moving source of heat plays an 
important part in many metallurgical processes, notably in weld- 
ing. In this latter case the theory of heat flow due to a moving 
source has been instrumental in establishing a scientific criterion 
of weldability (1).2 Similar applications of the theory are feasi- 
ble in other metallurgical processes, for example, in surface- 
hardening or continuous casting; but the somewhat involved 
mathematical analysis makes it rather hard for the industrial 
engineer to grasp the practical implications of the theory. The 
purpose of this paper is to overcome this shortcoming by putting 
more emphasis on applications. The first part deals briefly with 
the mathematical aspect of the theory; the second part describes 
the experimental work which has been carried out in connection 
with the applications to welding; and the third part outlines 
some of the feasible applications in other metallurgical branches, 


Previous Work 


Apparently the theory of heat flow due to a moving source 
originated in connection with are welding. Many attempts, 
both experimental and theoretical, had been made to describe the 
temperature situation created by the are welding. Most of these 
early attempts have been reviewed previously (2). Because of 
their approximate nature, there is little point in discussing them 
in the present paper. 


1 Massachusetts Institute of Technology, 

2 Numbers in parentheses refer to the Bibliography at the end of the 
paper. 

Contributed by the Heat Transfer Division and presented at the 
Semi-Annual Meeting, Detroit, Mich., June 17-20, 1946, of THE 
AmprIcAN Society or MrcHanicaAL ENGINEERS. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


The exact theory of heat flow due to a moving point source was 
first applied to arc welding by the author (3) in 1935, using the 
experimentally established principle of a ‘“quasi-stationary” 
state (4). A particular case of the general solution was treated 
independently by Boulton and Lance Martin (5) in 1936. More 
recently, Bruce (6) applied the method of instantaneous sources 
to another particular case of welding and, in 1941, Mahla (7) 
extended this method to a three-dimensional case. The solution 
derived by Mahla does not differ materially from that obtained 
previously on the assumption of the quasi-stationary state, but 
the method is applicable also to nonquasi-stationary states, as 
shown in a later section. Unfortunately, in most cases the solu- 
tion becomes too unwieldy for a direct practical application. 


1 THEORY OF HEAT FLOW DUE TO A MOVING SOURCE 


Tur DIFFERENTIAL EQUATION OF THE QUASI-STATIONARY STATE 


Nomenclature. The following nomenclature will be used 
throughout the paper: 


q = rate of heat, for ex., cal/sec 

= rate of heat per unit length 

q" = rate of heat per unit section 

v = speed of source 

T = temperature 

t = time 

k = heat conductivity of metal. When expressed in C.G:S. 
units the dimensions of k are cal/sec cm deg C 


Q 
| 


1/2x = thermal diffusivity of the metal.* The dimensions of 
diffusivity are ae in C.G.S. units, On the other hand, 
if c is specific heat and p density, 2\ = 5 
Assumptions. Assumptions will be made as follows: 


(a) The physical characteristics of the metal, ie., & and X 
are independent of the temperature. 
(b) The speed » and the rate of heat input q are constant. 
The Quasi-Stationary State. The differential equation of heat 
flow expressed in rectangular co-ordinates (a, y, z) which are 
referred to a fixed origin in the solid, has the well-known form 
OP Tiger! Oz. on oT 1 
st 7 es Sots [ 
Assume now that the heat is supplied by a point source of strength 
q moving with a constant speed v along the z-axis, and deter- 
mine the temperature distribution around the heat source. This 
amounts to writing the differential Equation [1] with the point 
source as origin. To this end, replace in Equation [1] 2 by § = 
x-vt, where & is the distance of the point considered from the 
point source, and differentiate with respect to &. There follows 


or i a 
de? dy? ee OE ot 


Experiment shows (4) that if the solid is long enough as com- 


3 The notation by means of a converse symbol multiplied by 4 is 
used here for the sake of convenience as will appear later. 


849 


850 


pared to the extent of heat, the temperature distribution around 
the heat source soon becomes constant. In other words, an ob- 
server stationed at the point source fails to notice any change 
in the temperature around him as the source moves on. This 
state of heat flow is called quasi-stationary, and is defined by 


or 
Equation [2] in which 7 = 0} i.e. 


2 oa [3] 
OF Sa v pec renee 


Equation [3] can be simplified by putting 
Tl aes Nem =o (Ez) mele Weel ne teletoaeen [4] 
where 7 is the initial temperature of the solid and gis a function 
to be determined. After substitution of Equation [4] in [3] and 
reduction of terms, the following equation is obtained 
fobs) oy7e) 
o£? oy? Oz? 


or in the usual symbolic form 
V20 — (N0)2e° = On hen ee eee ee [6] 


Thus Equation [1] is reduced to a relatively simple form, 
which provides ready solutions for an infinite and semi-infinite 
solid, as will be shown presently. 


INFINITE AND Semi-INFINITE SOLID 


or «or 
Linear Flow of Heat. In this case oy ash tes 0, and Equation 
[5] is reduced to 
ap 
2 OOS S Opus dcad onneosep0as {7] 
The boundary conditions are 
dda 
Frere oo => eSerg,noqdgsooceen [8] 


Furthermore, considering a plane source with a rate of heat q” 
per unit area 


hence 
Oty Oh TIS Ole oon coube dt [11] 


With reference to Equations [8] and [9] it is easy to see that Ci 
= 0 when é < 0, hence for é< 0 


fh Oe eee wo ood ad.c0 oc {12] 
Likewise C, = 0, when‘ é > 0, hence for — > 0 
To — Tos Ce no i cates 5 do cate [13] 


Also, since 7’ — Ty must have the same value for § = 0 
Ci = C2 
On the other hand, with reference to Equation [9] 
Ci2\vk = q” 


4 Tiis because 7 = To for & = ©. 
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or, since 
20k = cp 
C1 = C2 = q" /cpv sie (ee. 6: evel elerelo lets <a Laurie {14] 
hence for & < 0 
P27) es ee [15] 
Cpv 


and for — > 0 


From Equation [16] it follows that 9”/cpv is the rise of tem- 
perature at the location of the source, i.e., for £ = 0, and corre- 
sponds to the maximum value of temperature reached in the solid. 
Equation [15] shows that once this temperature has been reached, 
it remains even after the source has moved further. This, of 
course, is the result of lack of surface losses. _ Calling 7, the 
maximum temperature in the solid, Equations [15] and [16] be- 


come finally 
foré<0 

{Yee ee ee ROS nono O.abAS 00 Gc fb.c [17] 
foré>0 ; 

Pia Ps (Pe — lene ee ee [18] 


Heat Dissipation; Infinite Rod. If temperature gradients in 
the cross section of the rod are neglected, Equations [17] and 
[18] can be made to include heat losses through the surface. 
Assuming Newton’s law of radiation, the rate of heat losses 
through unit surface area is given by the following formula 


Here T is the temperature of the surface and T» is the tempera- 
ture of the surrounding medium which we shall assume to be the 
same as the initial temperature of the rod; h is the heat dissipa- 
tion. In problems of heat flow in metals it is customary (8) to 
use the ratio of heat dissipation to heat conductivity 


H will be called the dissipation ratio. 
With this in mind, the differential equation of linear heat 
flow with surface losses has the following form (9) 


or oT PH ae 
= 20 + (PHT). c cere [21] 


Here P is the perimeter and A the area of the cross section of the 
rod. For the case of the quasi-stationary state this equation 
can be reduced, as easily seen from Equation [6], to 


Be | ou 4 Ho =o 22 
ae |) asa mie coer [22] 


and the solution corresponding to Equations [17] and [18] can 
be rewritten to read 


foré<0 

T = T+ (T—TreV OF + PH/A— dE, [23] 
and for — > 0 

T = Ty + (T—Tre~ (VOD? F PHATE, [24] 


The rate of heat per unit area delivered to the rod is corre- ; 
spondingly q 
for—=é <0 
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a” = kT, — TT) (V wv)? + PH/A—w]..... [25] 
fort > 0 
gq” = k(T:— To) [V (0)? + PH/A + ]..... [26] 


Various applications of the foregoing equations will be found 
in Parts 2 and 8 of this paper. 

Two-Dimensional Flow of Heat. In this case the heat flows in 
two directions, one of which is the z- or &direction. The other 
direction will be taken along the y-axis, and there will be no flow 
in the z-direction. Thus 07'/dz = 0, and Equation [5] becomes 

Oye op 
== SS OM ob 1s Sable gro 2 
Se isas Cor [27] 
The boundary conditions are 
oT /dE > 0 


as & —> +0 
\ BSS ches [28] 
oT /dy > 0 


and, by considering a circle 2r drawn around the heat source 
Vet y 


with r = 


or 

— — 2ark—q’ forr—O............ (29 ] 
or 
where q’ is the rate of heat of a linear source. 

Because of the nature of the boundary conditions and the 
symmetrical form of Equation [27] with respect to & and y, ¢ 
depends only upon the distance r from the heat source, hence 
Equation [27] becomes in cylindrical co-ordinates® 


ae Game? Waa oogo ose ea [30] 


- The solution of Equation [30] satisfying the boundary Condi- 
tion [29] is known; it is the so-called modified Bessel function of 
the second kind and zero order, and is represented by the symbol 
Ko(dvr) (10). 

It can be shown that this function tends to In 7 as r tends to 


dK 
zero, hence a x r tends to a constant value. Thus Ko(d»r) 
tf 


fulfills s the: Condition [29]. On the other hand, this function tends 


to ret e— >" as r tends to infinity, whereby the boundary 
r 


Condition [28] also is satisfied. The solution of the two-dimen- 
sional case therefore is 


, 


q 
Eee 
“hs i Qrk 


Cm EE PRG NOT) rire sissies one (31] 


This solution will be discussed in Part 2 in connection with the 
welding of thin plates. 

Thin Plates; Surface Losses. If the thickness g of the plate is 
small enough to neglect the temperature gradient in the 2z-direc- 
tion, Equation [31] can be made to include heat losses through the 
surface. Calling H and H’ the dissipation ratios at top and 
bottom face of the plate, respectively, and noting that PH/A 


H jak 
appearing in Equation [22] becomes simply ze , there 
follows 

d? 1d H + H’ 
BE is ee Nyt i ae [32] 
dy? rdr g 


hence the solution 


5 Refer to (9), p. 12. 


= H’ 
(et et CMe Aes r|.... [83] 
Qxk g 


TKg 


where g/g, which appears instead of 9’, is the rate of heat per unit 


* thickness, and q is the total rate of heat of the linear source. 


Linear Source of Variable Strength; No Surface Losses. In 
previous discussion it has been assumed that the rate of heat q’ 
per unit thickness was a constant. If this rate varies along the 
thickness, an appropriate solution similar to Equation [31] can 
be obtained by means of cosine series. To this end develop 
function q’ (z) in Fourier series, between z = 0 and z = g. Sup- 
pose this function reads as follows 3 


n 
1(@) = 4'(OZA, cos oa oe [34] 


Since q’(z) is a cosine function of z, the same must be true for 
v by virtue of Condition [29]. Thus the differential Equation 
[30] must be completed by adding the second derivative with 
respect to z, to read as follows 
O20 20 


02? or? i 


1 de 
On 


OD SUS cen as c [35] 


It is easy to see that this equation is satisfied by a function of 


the form 
Br pve ae 
cos 7 Ko (i es (=) ; iia a ie 
g 


Hence with reference to Equation [34] 


Solution [37] has been applied to the problem of flame-cutting, 
and the reader is referred to a previous publication for further 
developments (11). 

Three-Dimensional Flow. 
tions are 


In this case the boundary condi- 


oT/oy — 0 for y > +0 
oT /oz —> 0 for 


27> +0 


oT/oa > 0 fort > =: 


and by considering a spherical surface 4R? drawn around the 


heat source with radius R = V/ £2 + y? + 2? 
or 
— sR 4rR*k > q HOT Fea .O elem crreronstere [39] 


where q is the rate of heat of a point source. 

Because of Conditions [38] and [39], and the symmetrical 
form of the differential Equation [5], ¢ depends only upon the 
distance R, hence using polar co-ordinates Equation [5] can be 
rewritten as follows® 


de | 2 de 


oe | Rak (QV? = Us aansoccde nn [40] 
It is easy to see that 
de 2dp 1 d?(Re) 
dk? RdR R dk? 
hence Equation [40] becomes 
vo — (rv)?*Re = 0......-.----+- [41] 
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A solution of Equation [41] satisfying the boundary Conditions 
[38] obviously is 


or 


d 
This solution also satisfies Conditions [39] since ce x R? tends to 


a constant value as R—> 0. Hence the corresponding tempera- 
ture distribution 


This solution will be discussed in detail in connection with 
welding in Part 2. 


Soitip BouNDED BY PLANES 


The Method of Images. If the quasi-stationary state is to be 
preserved, the solid cannot be bounded by planes perpendicular 
to the direction of motion. However, the state can still remain 
quasi-stationary if the bounded planes are parallel to the direc- 
tion of motion. This circumstance leaves out the linear flow, 
but retains the two- and three-dimensional flows. Assuming 
there is no heat loss through the bounding planes, the method of 
images can be used conveniently to obtain the required solutions.® 
Tt will be recalled that in this method fictitious sources are as- 
sociated with the real source of heat in such a way that the bound- 
ing planes become planes of symmetry. Such an arrangement 
fulfills the condition of no radiation, and it is accomplished by 
locating the fictitious sources at the mirror reflections of the real 
source, the bounding planes acting as the corresponding plane 
mirrors. 


A 


Fig. 1 Sorry BounpEep BY PLANES PARALLELED TO DIRECTION OF 


Morron 


Two-Dimensional Flow. With reference to Fig. 1, the problem 
consists of determining the temperature distribution in a plate 
of width a and thickness g, heated by a linear source traveling 
along one of its edges. In accordance with the method of images 
just explained, imagine the plate extended to the size of a semi- 
infinite plate. Then the temperature due to the source q dis- 
tributed over the thickness g would read, with reference to 
Equation [31] 


Pe Pie aee Ye Ryn) 
akg 


To this value now add the contributions of the mirror reflections 
_ of the source with respect to mirrors placed at y = 0 and y = a. 
These contributions are of the form 


coe 
akg 
6 Reference (9) p. 158. 


ELTA OMEN ARR oo oc. soon oS [44] 
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where 


r, = VE (y = 2na)? 


Hence the solution becomes 


n=+o 
(eS > Ko (tie) cust eects [45] 
akg aft 


From the way this solution has been built it is obvious that 


for y = aand y = 0, which fulfills the boundary conditions along 
the two edges. Condition [29] also is fulfilled, for of all the 
terms Ko(dvr,,) which compose the solution, Equation [45], only 
the term Ko(dvr) contributes to the value of q’ = q /g, the deriva- 
tives of the other vanishing as r when being multiplied by 277. 
It remains to prove that 


This can be done best by transforming Equation [45] into a 
Fourier series. By proceeding as explained in Appendix 2, the 
following expression is obtained 


For &>0 
Pipe ie 2 = Gin AU) ME po gin ah alae 
cpagv Tf bn a 
and for ae 0 
ne | fb 2 un=1) Mt Coe eae 
cpagv in a 


where 


and cp is the volume specific heat. 

By differentiating Equations [48] and [49] with respect to &, 
it is seen that the derived expression tends to zero for & tending 
to both -- and — infinity as required by Conditions (47]. 

The characteristic feature of solution, Equation [49], is that 
it tends to a constant temperature, which is different from the 
initial temperature Jo, after the source has moved away from 
the section considered. Calling 7; the new temperature, there 
follows from Equation [49] that, if > —© 


Pe ae eee [51] 
The meaning of Equation [51] is very simple. It represents a 
uniform rise of temperature produced by the heat ¢ in a volume 
of plate covered in unit time and can be explained as follows: 
Because of the quasi-stationary state the temperature situation 
around the heat source remains unchanged, and since there are 
no surface losses the amount of heat delivered in unit time must 
be employed to raise the temperature of an additional volume of 
plate = agv far behind the source. 

Putting Equation [51] in Equations [48] and [49], there 
follows 

For’ >0 
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By comparing Equations [52] and [53] with Equations [17] and 
[18], it is seen that the two-dimensional flow in a solid of a limited 
cross section tends to become linear at some distance from the 
source, and from Equation [50] it is apparent that this distance 
is so much shorter as the value of \va is smaller; for example, 
as the plate is narrower. This trend is represented in Fig. 2 by 
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Fie. 2 TrmprrATURE DISTRIBUTION IN THIN AND Narrow PLatTeE 
Dur to Heat Source Movine Atone One or Its Epers 
(Initial temperature taken as zero and final temperature as 1.) 


means of isotherms, which for convenience have been marked 
in terms of the relative temperature U = (I —T)/(T2 — To). 
The value of Ava has been taken arbitrarily as 2. It is seen that 
in the upper half of the plate the relative temperature rises from a 
value = 0 in front of the source to a maximum which is greater 


. than 1 in the vicinity of the source and then drops progressively 


down to 1 behind the source. The maximum temperature is so 
much more in excess of 1 as the layer under consideration is closer 
to the edge passed by the heat source. On the other hand, layers 
of metals which are close to the opposite edge never exceed 1. 
They approach this value asymptotically as the flow becomes 
more linear. This last situation is virtually reached in Fig. 2 at 
a distance which is smaller than twice the width of the plate. 

For many practical applications, especially flame-hardening 
and quenching, solutions, Equations [52] and [53], have the 
disadvantage of becoming infinite at the location of the source. 
This, of course, is a direct consequence of the assumption that 
the heat source is reduced to a line. A more practical solution 
may be obtained by removing this restriction as will be shown 
later. 

Two-Dimensional Flow; Plane Source. The inconvenience of 
having an infinite value of temperature at the location of the 
source disappears if the latter instead of being a single line is 
spread over a certain area, ie., if it becomes a plane source. 
To demonstrate this proposition, suppose a source with a rate of 
heat = q” per unit area covers the edge of the plate, Fig. 1, from 
point &’ = 0 to point £’ = 1. This source can be represented as 
being composed of an infinite number of infinitely small linear 
sources q"dé set side by side from £’ = 0 to &’ = If q” is con- 


stant, then g” = A where q is the rate of heat of the plane source, 
g 


dé! : = 5 
¥ — On the other hand, according to Equations 


hence q’dé’ 


de! f 
[48] and [49], a linear source of strength placed at a distance 


£’ from the origin contributes to the temperature of a point & ¥ 
in amount of 
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for & < &’. Three cases may be distinguished, according to 
whether the point £, y is located outside or inside the portion of 
plate covered by the plane source. 


Case 1. If & > J, Equation [54] applies to all elementary 
sources from £’ = 0 to £’ = J, and by integrating Equation [54] 
from £’ = 0 to ’ = l, there follows 
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Case 2. If £ < 0, it is Equation [55] which applies to all ele- 


hence by integrating Equation [55] from 


t’ = 0 to £’ = l, there follows 
q 2 J — ea dU(un—1) 
T—T= 1 > 
: | ae Eee —— 1D) - dol 
 elun=1)dvt cos =) Wiel sceuerowae [57] 
a 


Case 3. Finally, if 1 > & > 0, Equation [54] applies to all 
elementary sources for which 0 < & < &, and Equation [55] 
applies to all sources for which § < &’ < J. By integrating each 
of these expressions within the limits of its applicability, we have 


q |1—e 2 cell apeate } 
cpagu dol l 
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It is easy to see that the maximum value of temperature oc- 
=0,y =0. For this point 


q ye 2 i= e— (un—1)ral 
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On the other hand, it follows from Equations [57] and [51] that 
for £ > —o, the temperature tends to the same constant value 
T. as in the case of a linear source. Therefore Equation [59] 
can be rewritten to read 
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Bars (Peat 
ee es ee | 


. [60] 


A fly 


curs at & 


If the heat instead of being delivered is absorbed by the source, 
i.e., if the latter is replaced by a sink, then Ty > T2 > T;, and 
Petation [60] becomes , 


2 1 — eW (un— 1)rvl 
an Ne he [: pe as ae 


. [61] 


Both expressions, Equation [60] as well as [61], can find suita- 
ble applications in metal treatments, the former in flame-harden- 
ing, the latter in continuous quenching, as will be shown later in 
Part 3. 

Remark. By comparing Equation [61] with Equation [53] 
it is seen that the former is represented by a series of the form 
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1/n(n — 1), while the latter is of the form 1/n. But the series 
1/n(n — 1) is known to be absolutely convergent, whereas the 
series 1/n is divergent, if all terms are positives, and this is what 
happens at the location of the source, for which ¢ = 0 and y = 0. 

Three-Dimensional Flow. Solid bounded by planes z = 0 
and z = g; no surface losses. 

Following the pattern developed in the preceding section, 
imagine first the solid extended in the z-direction from z = 0 to 
, covering one half of the space. Then the temperature 
due to the source of strength g located at & = 0, y = 0,2 = 0 
would read with reference to Equation [43] 


2 = ico 


The factor 2 in Equation [43a], as compared to 4 in Equation 
[43] accounts for one half of the space. 

To Equation [43a] add now the contributions of the mirror 
reflections of the source with respect to planes 2 = 0 and z = g. 
These contributions are of the form 


where 


R, = Ve + y+ @ = 2ng)? 


Hence the solution reads 


Toe 
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for z = 0 and z = g, which fulfills the condition of no radiation. 
Condition [39] also is fulfilled, since the derivative of all terms 
of Equation [63] tends to zero as R, when being multiplied by 
R?, except the derivative of the term n = 0, which becomes a 
constant when being multipled by R?. 

Finally it is easy to see that 


oT /o—E > 0 


asi —> a 
oT /doy — 0 


as y¥ > +o 


which fulfills the first two Conditions [38]. 

By a procedure similar to that explained in Appendix 2, solu- 
tion of Equation [63] can be transformed into a Fourier series to 
read 
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Y ey Lee AE 
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The similarity between Equations [66] and [31] is obvious. 
In fact, both solutions become practically identical for large 
values of r. This means that the solid behaves more and more 
like a thin plate as the distance from the heat source increases. 
Conversely, for values of r which are small as compared to the 
thickness g, Equation [63] differs little from Equation [43] 
which has been derived for an infinitely thick plate. This twofold 
aspect of solution [63] or [66] is well evidenced in the behavior 
of butt-welded plates, as will be demonstrated in Part 2. 
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Because of the condition of the quasi-stationary state, the axis 
of the cylinder must be parallel to the direction of motion, and in 
most cases of practical interest it will coincide with the path of 
the moving source. Even so, it does not appear possible to obtain 
a simple solution of this problem. Recently, R. H. Cameron and 
the author have worked out a solution which, although far from 
being simple, is believed to be practically usable. However, be- 
cause of the somewhat involved mathematical treatment of the 
solution, the presentation of their work is reserved for a separate 
publication. 


2° APPLICATION TO ARC WELDING 


Rave or Fusion or ELECTRODE 


In the process of welding, the heat generated by the arc causes 
the electrode to melt, thus providing the metal necessary for 
joining the parts to be welded. Assuming the electrode is long 
enough with respect to its diameter and neglecting the heat 
generated by the Joule effect, the process of melting for the first 
few inches of the electrode can be looked upon as being of a quasi- 
stationary nature, in so far as the temperature, distribution 
around the welding arc is concerned. The rate of melting of the 
electrode is then the speed with which the arc moves along the elec- 
trode, and the temperature T at a point located at a distance & 
from the arc is equal, according to Equation [18], Part 1 


Th Titel Eo) eRe ne ee [67] 


Here, 7 is the initial temperature, T; is the temperature at the 
location of the are, i.e., the temperature of fusion, 2 is the con- 
verse of thermal diffusivity, and v is the rate of fusion. 

Equation [67] assumes that there are no surface losses, in other 
words, that the electrode is perfectly insulated. This assumption 
is an approximation but it offsets to a great extent the error 
introduced by neglecting the Joule effect in the electrode. That 
this is so is proved by the fact that the relation between the 
rate of fusion v and current density 7, derived from the foregoing 
assumptions, is in good agreement with the experiment. This 
relation is obtained as follows: 

It has been shown in Part 1 that in the absence of surface losses 
the rate of heat q” absorbed in the electrode per unit area is 


gE PES Ptr fee [68] 


cp is the specific volume heat content (c specific heat, p density), 
and 7, To, and v, as previously, the temperature of fusion, the 
initial temperature, and the rate of fusion, respectively. ‘On the 
other hand, q” is a fraction of the heat generated by the are, which 
is proportional to the product VJ, where V is the voltage drop 
across the arc, and J is the current intensity. Experiment shows 
that for a given type of electrode the voltage drop V is fairly 
constant within a large range of current densities, and that for 
various types of coated-steel electrodes it varies between 25 and 
35 volts. Thus for a given type of electrode of a diameter d, it is 
possible to write 


where f is a constant (13). 
Substituting in Equation [68], there follows 


hence 
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where 
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Relation, Equation [70] has been checked experimentally and 
has been found to hold within a reasonable degree of accuracy for 
moderate current densities and for the first 3 to 4 in. of the 
electrode. The values of fo reported in the literature for a mild- 
steel electrode lie between 1.24 K 1073 and 1.56 & 107% cu in. 
per amp per min. 

Substituting Equation [70] in [67] there follows 


to 
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or putting 
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In Fig. 3 the ratios of (T — To)/(T1 — To) have been plotted 
against the distance ¢ from the location of the arc in inches, for 
four different values of current density, namely, 145, 165, 185, and 
240 amp. These values may be considered as being within worka- 
ble range of current intensities for a °/3:-in. mild-steel electrode. 
The following values were used to calculate the factor f’ appear- 
ing in Equation [71] 


2\ = 1.00 sq in. per min 
fo = 1.25 X 1073 cu in. per amp per min 


RELATIVE TEMPERATURE 
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Fic. 3 Tempprature DisrrisuTion IN MiLp-Strepy ELECTRODE 
FOR VARIOUS CURRENT INTENSITIES 


It appears from Fig. 3 that the higher the current intensity 
the shorter is the range over which the electrode is affected by 
the heat of the arc. This condition is well illustrated in Fig. 4, 
which shows macroetched sections made through the axis of a 
5/s-in, electrode submitted to the current intensities mentioned. 
Because of the recrystallization process the part of the electrode 
which has been heated beyond some 950 F responds more readily 
t6 the etching (10 per cent solution of nitric acid) than the rest 
of the electrode. It is seen that in accordance with diagrams, 
Fig. 3, the extent of the recrystallized zone is greater for the low 
current intensity than it is for high current intensity, see also 
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Fic. 4 Heat-Arrecrep AREAS IN Miup-Stre~t ELECTRODE FOR 
VaRIoUS CURRENT INTENSITIES 
(Courtesy The Welding Journal.) 


line NN’, Fig. 3, corresponding to the temperature of recrystal- 
lization of mild steel (71 — T/T; — To & 0.82). 


Arc-WELDING or THIN PLATES 


Temperature Distribution in an Edge-Welded Plate. The valid- 
ity of Equation [31], Part 1, in the case of arc welding was tested 
experimentally by Schmerber and the author (12). They de- 
posited a weld layer at a constant rate along one of the edges of a 
flat bar, 5.5 in. wide, and measured the variation of temperature 
in the bar produced by this operation. Assuming no losses of 
heat through the surface, the temperature can be taken as being 
uniform through the thickness. Hence the heat flow is of a two- 
dimensional nature, and Equation [81], Part 1, is applicable. 
For the purpose of computation, a constant value of heat con- 
ductivity k was adopted = 0.1 cal per deg C per cm per sec, but 
the diffusivity coefficient 1/2\ was made to vary according to a 
linear law with the temperature. Under these circumstances, 
the agreement between the measurement and computation was 
quite satisfactory, except at the immediate neighborhood of the 
arc, Fig. 5. There, the computed isotherms were closer to the 
origin than the measured values. This discrepancy could be ex- 
plained by the fact that the theory considered the source of heat 
as a line, whereas in practice the source of heat had a finite size. 

Rate of Cooling in Thin Butt-Welded Plates. On the basis of 
the foregoing experiment it can be expected that Equation [31] 
will be applicable also to the case of thin butt-welded plates. 
Hess and his co-workers (14) determined experimentally the rates 
of cooling produced very near to the weld in plates of various 
thicknesses. If the temperature is assumed constant through the 
thickness, these rates of cooling can also be derived from Equa- 
tion [31] by differentiating the latter with respect to time. In 
so doing, attention is called to the fact that in the present applica- 
tion the rates of cooling are measured at some distance from the 
location of the heat source. Hence, according to the theory of 
Bessel functions (10), Equation [31] can be reduced to a more 
simple expression to read 
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where T is the temperature measured at a distance r = / e+ y? 
from the source, 7» the initial temperature, q the rate of heat 
input, v the speed of the source, and k, cp, and 1/2 = k/cp as 
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Fic. 5 TrEmperature DIstrispuTion In EpGE-WELDED PLATE 


(Continuous lines, calculated; broken lines, experimental. 


speed, 0.43 cm per sec or 10.1 ipm. L2, L3, R7, R6, R10 are different specimens. 


previously, the heat conductivity, volume specific heat, and heat 
diffusivity, respectively. 

Along the weld, y = 0, hence r = /£/; also £ = —vt, hence 
Equation [73] can be further simplified as follows 


yr Mala Sarr al aoe Fe 
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Expression q/gu represents, as it is easy to see, the amount of heat 
per unit section of plate, measured in the direction of welding. 
In practice, the welding conditions are defined by another value 
more readily determined, namely, the total amount of energy 
J/gv per unit section of plate supplied by the are, expressed in 
joules per sq in. This value is related to the former by a coeffi- 
cient which defines the heat efficiency of the arc, and which Hess 
and co-workers represented by the symbol (I.F.) input factor. 
Thus 


[74] 
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T—T= ——— xX x SRA [75] 
WMERUN/ Kops. W220 Na 
or 
(T — To) Vt = C (independent of time)....... [76] 
By differentiating with respect to time there follows 
dT 1T—T 
Vt + = —=" = 0 
dt 2 Vt 
or 
aT. _ 1 T—T» 77] 
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Equation [77], due to Hess and co-workers (14), states that the 


A, Current, 93 amp; welding speed, 0.21 cm per sec or 4.95ipm. B, Current, 141 amp; welding 


Courtesy The Welding Journal.) 


rate of cooling at a given temperature T is proportional not only 
to this temperature but also to the converse of time ¢ that it has 
taken for the point considered to cool down to the temperature T 
after the welding arc has passed through this point. In this re- 
spect the rate of cooling in welding is quite different from the rate 
of cooling in quenching, for which no dependence on time is as- 
sumed (15). As will appear later, the factor 1/2 at the right-hand 
side of Equation [77] is characteristic for the two-dimensional 
problem of welding. 

If time ¢ is eliminated from Equations [77] and [75], the 
following expression is obtained 


lH v 2rkcp gu 
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or 
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Since the right-hand side of Equation [79] is a constant for a 
given type of steel, electrode, and temperature 7’, the product on 
the left-hand side also must be constant, no matter what are the 
individual values of rates of cooling, energy inputs, and thickness. 
This condition has been tested for the case of 1/,-in. and 1/:-in. 
butt-welded plates using experimental results of Hess and co- 
workers (14), obtained very near to the weld.’?. When the products 
figuring on the left-hand side of Equation [79] are plotted as a 
function of rates of cooling at 1300 F, the diagram, Fig. 6, is ob- 
tained. From this diagram it appears that the !/,-in. butt-welded 
plate behaves like a thin plate for all rates of cooling at 1300 F, 
while the 1/:-in. plate behaves like a thin plate only for rates of 


7It can be shown that the rate of cooling very near to the weld is 
not appreciably different from that in the weld itself. 
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cooling at 1300 F which are smaller than 50 deg F per sec. 
reason for this discrepancy will be discussed later. 


The 


Arc WELDING or THICK PLATES 


Rate of Cooling in Butt-Welded Plates. Following the ideas 
developed in the section on the are welding of thin plates, it may 
be anticipated that since Equation [31] has approximated fairly 
well the conditions of heat flow in butt-welded plates, Equation 
[43] may approximate likewise the conditions of heat flow in 
thick butt-welded plates. If the observation is limited to the 
surface of the weld, the distance R, figuring in Equation [43], 
is simply the distance /£/ covered by the arc in a given period of 
time t; thus 


Equation [80] does not contain explicitly the speed v, and it does 
not depend upon the diffusivity of the material. In fact the same 
expression is obtained, if the point source instead of being in 
motion remains stationary, except that in this case & represents 
not only the distance behind the source, but the distance from 
the source measured in any direction. On the other hand, if é 
is expressed in terms of the distance covered by the arc in time t, 
then —£ = vt, and Equation [80] becomes 


The quantity (q/v) represents the heat input per unit length and 
is to be compared with a similar quantity (¢/vg) used in the 
study of thin plates. As in the latter case, we shall write 


C/O 2A) 81/Ohecegecraas 6 An o> 0 [82] 


where J/v represents the total energy input of the are per unit 
length and (I.F.) the heat efficiency of the are. With reference to 
Equation [82], Equation [81] may be rewritten as follows 


(T — To) X t = C (independent of time)...... (83 ] 
Hence by differentiating 
* dT 


This expression, also due to Hess and co-workers (14), differs from 
Equation [77], derived previously for the rate of cooling in a thin 
plate, only by the absence of the factor 1/2. Thus if conditions 


8 Reference (9) p. 151. 


of welding are such that the same temperature 7’ is reached at the 
same time ¢ in both the thin and thick plates, the rate of cooling 
still will be twice as great in the thick plate as in the thin one. 
If time ¢ is eliminated from Equations [84] and [81], then with 
reference to Equation [82] the following formula is obtained 


en ER es [85] 
dt CRS) ETE TR ae Sallie 
or 
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The right-hand side of Equation [86] is a constant for a given 
temperature and a given material, hence the product on the left- 
hand side also must be constant for any particular value of rate 
of cooling, energy input, and speed. 

Although, strictly speaking, this condition holds only for the 
points of weld deposit for which R = £, points of the base metal 
very close to the weld may be expected to satisfy the condition 
mentioned with a reasonable degree of accuracy. With this in 
mind, experimental results of Hess and co-workers (14) on 1 and 
1'/.-in. steel plates have been used to compute the products 
figuring on the left-hand side of Equation [86] for various rates of 
cooling at 1300 F. When plotted as a function of these rates, 
they gave a fairly constant value, Fig. 7. The values for the 11/3- 
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in. plate are in general more consistent than those for the 1-in. 
plate. Thus the 11/2:-in. plate and to some extent also the 
1-in. plate behave under the particular condition of cooling like 
plates of infinite thickness. 

Determination of Heat Diffusivity From Rates of Cooling in Thin 
and Thick Butt-Welded Plates. If rates of cooling have been 
determined for a particular temperature 7’ and known conditions 
of welding in a thin and thick butt-welded plate, then assuming 
the same heat efficiency (I.F.) in both cases, there follows when 
Equation [75] is divided by Equation_[85] 
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Substituting in Equation [88] the values taken from Figs. 6 
and 7, for the !/s-in. and 11/,-in. plates, respectively, the value of 
the diffusivity becomes 

1 1 


ae (550.1092 in.? 
2. 2 (1300 — 68) 


= (012) ——— 
(590 X 10%)? sec 


em? 


= 0072 

sec 

as against the value of 0.0685, computed for pure iron from the 
data of the International Tables for 1300 F (16). 

Considering the uncertainty attached to the determination of 
the heat conductivity &, and the probable error of measurements, 
this agreement appears quite satisfactory. However, it must 
be borne in mind that the assumption on which Equation [88] 
is based precludes any variation of the diffusivity with tempera- 
ture, hence the value of 0.072 sq cm per sec must be regarded 
as an average rather than as a particular value of the diffusivity. 

Temperature Distribution in Thick (and Than) Arc-Welded 
Plates. On the basis of the foregoing results it can be assumed 
that the application of Equation [43] will yield a satisfactory 
picture of the temperature distribution during welding in thick 
butt-welded plates. More specifically, the conception will 
apply to a situation created by a top weld layer when the plates 
have been allowed to cool down to the room temperature. This 
situation is represented in Fig. 8 for various conditions of weld- 
ing by means of a family of isotherms drawn around the in- 
stantaneous position of the electrode (11). Because of the quasi- 
stationary state of heat flow, the same figure may be used to de- 
pict the variation of temperature at a given section of plate and 
at various instances of welding. 

For the purpose of computation, the following values were 
substituted in Equation [43], using C.G.S. units 


q = 0.239 (I.F.) X V X I where 0.239 is the thermal 
equivalent of watts 
(I.F.) = heat efficiency of arc assumed = 0.65 (12) 
V = voltage drop in are assumed = 25 volts (12) 
I = current intensity in amp, variable 
k = heat conductivity—0.1 cal per cm per deg C per sec, 


for steel and 0.485 cal per cm per deg C per sec for 
aluminum 

» = one half of the converse value of diffusivity, assumed 
= 5 sec per sq em for steel and 1.2 sec per sq cm for 
aluminum 


The main characteristics of the temperature distribution ob- 
tained under these conditions, Fig. 8, are as follows: 


1 The rise of temperature in front of the heat source is much 
steeper than the fall of temperature behind the heat source. 

2 Because of the fact that the heat does not propagate in- 
stantly in metals, the temperature does not pass through the 
maximum at the same time at various points of the same cross 
section. There is a lag at points which are farther away from the 
weld, as shown by curve m-n connecting the points of maximum 
temperature. This lag is a function of the speed of welding and 
diffusivity of metal (compare Fig. 8, A, B, and D). 

3 Considering an instantaneous position of the electrode, 
curve n-n separates points in the solid with rising temperature 
from points in the solid with falling temperature. 


As for the influence of the welding conditions, it is seen that: 


1 An increase in the speed of welding, Fig. 8, A and B, 
produces a greater lag in the temperature distribution at a given 
cross section, hence the heat is more concentrated around the 
heat source. However, the temperature distribution along the 
line of welding, behind the electrode, remains unchanged, in 
accordance with Equation [80]. 
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Fic.8 TEMPERATURE DisrrisuTion in THIcK BuTt-WELDED PLATE 
(For details see the text. Courtesy of The Welding Journal.) 


DEG CENT 


Fic. 9 Tempprature DisrrisuTion IN THIN AND Txuick Butt- 
WELDED PLATE 


(Left, thin plate, 0.2 in. thick; right, thick plate. Same material, i. e., mild 

steel, and same welding technique in both cases; i.e., 200 amp, 8.3ipm. Top 

view isometric projection; bottom view topographic projection. Courtesy 
of The Welding Journal.) 


2 An increase in the current intensity, Fig. 8, A and C, 
extends the range of heat in the solid, but does not affect the shape 
of isotherms. 

3 An increase in the heat conductivity and diffusivity of 
metal, Fig. 8, C and D, affects both the shape and the size of iso- 
therms. The increase of the range of heating in front of the 
electrode is especially noteworthy. 

4 An increase in the initial temperature, i.e., the preheating, 
causes a corresponding increase in the numerical value of each 
isotherm, but does not change its shape or size. However, the 
preheating has a marked effect upon the rate of cooling, as shown 
by Equation [85]. This effect is discussed in more detail in the 
experimental work on weldability (14) and (17). 


Basically the same conclusions apply to thin welded plates, 
as can be easily demonstrated by means of Equation [73]. How- 
ever, there is a fundamental difference in the conditions of weld- 
ing of a thin and thick plate, due to the different nature of heat 
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flow. This difference is well apparent in the shape and size of 
isotherms drawn in Fig. 9. 


APPLICATION TO AcTUAL WELDING PRACTICE 


Determination of Cooling Time. In so far as welding practice 
is concerned, neither of the solutions already discussed is quite 
satisfactory. Because of the finite thickness of plates, the condi- 
tions of welding seldom correspond to that of a very thin or very 
thick plate. At a short distance from the arc there is a con- 
siderable temperature gradient through the thickness, but as the 
arc moves away from the section considered, the temperature 
becomes more uniform across the thickness. Thus the heat flow 
changes from a three-dimensional state to a two-dimensional one, 
as the distance from the arc increases. This condition has been 
discussed in Part 1, and an appropriate solution for this case 
has been obtained in the form of Equation [63]. 

In actual welding practice it is important to determine the time 
required for the weld to cool down to a given temperature, rather 
than to obtain a complete pattern of the temperature distribution 
around the electrode. Under these circumstances Equation [63] 
can be simplified by writing for a given spot of the weld bead, t 
seconds after it has been deposited on a plate of thickness, g 


&=—w; y =0; z=0 
Ro = | ot; RK, = V/ (vt)? + (2ng)?, n = 1,,2,3....[89] 
Substituting in Equation [63], there follows 


1 ene 
f he hh ONO Oe ee 5 ee 
oO Dak zs v a [90] 
where 
e v*t(sn—1) 
p= 1-2 ) Sh oh heb Eo {91 ] 
Sn 
and 


So Rot 


As previously, the rate of heat delivered to the plate will be re- 
placed by the rate of energy input of thewelding arc, J multiplied 
by the heat efficiency of the arc (I.F.), thus 
Cp de 
GIS a SG OL tin Ge Orcan 92 
3 2Qark ‘a v 3 t Be 
Equation [92] can be made to correspond ‘‘formally” to Equation 
(81] derived for a very thick plate, by introducing a ‘“‘fictitious”’ 
time of cooling ¢* = ¢/u, which for convenience we shall call the 
“reduced” time of cooling. With this in mind Equation [92] 
can be rewritten as follows 


As seen from Equation [91], the reduced time of cooling depends 
upon the thickness of the plate g, on the speed of welding v, and 
the diffusivity of metal 1/2. Actually, however, the thickness 
is the major factor, and for the usual range of welding speeds, 
from 6 to 12 ipm, the influence of speed can be neglected. 

Fig. 10 shows the relation between the true and reduced time 
of cooling for various thicknesses of steel, assuming a diffusivity 
of 1 sq in. per min and a welding speed of 7ipm. It is seen that 
as the time of cooling increases, the value of the reduced time 
of cooling, ¢* differs more and more from that of the true time of 
cooling t, and so more so as the thickness is smaller. Since Equa- 
tion [93] formally represents the conditions of a very thick plate 
and of a three-dimensional state of heat flow, the discrepancy 


between ¢ and t* is a measure of the departure from a three- 
dimensional heat flow. On the basis of Fig. 10 it may be pre- 
dicted that in the vast majority of cases the !/;-in. plate will be- 
have like a very thin plate, and the 11/,-in. plate like a very thick 
plate, and this prediction is in accordance with the findings of 
this and the preceding section. Also, it may be safely stated that 
plates over 11/2 in. thick will always behave like a very thick plate. 
Thus for plates thicker than 1!/, in. the reduced and the true 
cooling times are the same. 

How well Equation [93] fits the actual conditions of welding is 
best determined by comparing the time of cooling computed 
from this formula using the chart, Fig. 10, with the time of cooling 


REDUCED COOLING TIME, SEC. 


(0) 10 20 30 40 50 
COOLING TIME, SEC. 


Fie.10 RELATION BETWEEN CooLING TIME AND REDUCED CooLINe 


TIME FoR PLATES OF VARIOUS THICKNESS 


measured in the experimental work of Hess and co-workers (14) 
on steel plates. In doing so, it must be remembered that the 
actual measurements of temperature were made not in the weld 
bead itself, but at a small distance from the bead. However, it 
can be shown that the error due to this factor is small after the 
first 5 to 10 sec of cooling. Another important factor is the proper 
choice of the heat efficiency (I.F.), and the heat conductivity k. 
From previous work (12), the I.F. was assumed to be 0.65. 
As for the heat conductivity k, a few trials showed that the 
value of k = 0.080 cal per deg C per sec fits best the experimental 
results at 1300 F. This value is commensurate with that deter- 
mined previously, Equation [88]. 

Using the values given and expressing the temperature 7’ in 
deg F, the energy input J/v in joules per in., and the reduced 
time ¢t* in seconds, Equation [93] reads for the case of butt- 
welded steel] plates as follows 


Awe 
sae ort Nel lee 


hence the reduced time of cooling 


Figs. 11 to 15, inclusive, show the agreement between computed 
and measured times of cooling for various thicknesses using three 
or four different energy inputs. The agreement in the important 
range of temperatures from 1300 to 575 F, is in general better 
than 5 per cent if no preheat is employed. The agreement is not 
as good with preheated plates, probably because the preheating 
operation was not maintained during welding (14). Notwith- 
standing this discrepancy, the general validity of Equation [93] 
in the range of temperatures from 1300 to 575 F may be con- 
sidered as sufficiently established for practical purposes. 

Determination of Rates of Cooling. By differentiating Equation 
[92] with respect to time there follows that (18) 
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where 
e— dv2t(sn—1) 
hp’ = 1—2 > PA [dvt(s,, —1)s, —1]...[96] 
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hence by comparing Equation [96] with Equation [92] 


dT T— Tow! 
dt t be 


Equation [97] is of the same type as Equations [77] and [84] 
for the thin and thick plates, respectively; the only difference is 
that the coefficient (u’/u) instead of being a constant is a function 
of time and thickness, and to a much lesser degree of speed of 
welding and diffusivity. Assuming as previously, the value of 
1 sq in. per min for the diffusivity and 7 ipm for the speed of weld- 
ing, Fig. 16 shows the dependence of (u’/z) on time for various 
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thicknesses of plate. As expected, the values of (u’/z) vary 
between !/, and 1, the line '/. denoting conditions identical to that 
of a very thin plate and the value 1, conditions identical to 
that of a very thick plate. In accordance with previous results 
it is seen that the '/,-in. plate behaves like a thin plate less than 5 
sec after the cooling process has started, whereas the 1/:-in. 
plate remains practically under the conditions of a very thick plate 
up to 30 sec of cooling. 

Equations [93] and [97] along with charts, Figs. 10 and 16, 
may be used conveniently for a speedy determination of rates of 
cooling. 

Suppose, tor example, it is desired to determine the rates of 
cooling in a /,-in. plate when using an energy input of 50,000 
joules per in. The three following temperatures of preheat will 
be examined: 72 deg, 200 deg, and 400 deg F. 

From Equation [93] the corresponding reduced times of cool- 
ing are 11.8, 13.7, and 18.4 sec. 

Referring to the chart, Fig. 10, we find for a 3/,-in. plate the 
true cooling times, namely, 13.5, 18.0, and 30.5 sec, respectively, 
and from the chart, Fig. 16, the corresponding values of (u//y) = 
0.72, 0.64, and 0.54, respectively. 

Substituting in Equation [97], the following rates of cooling are 
obtained: 49.5 deg F per sec, 27.2 deg F per sec, and 10.5 deg F 
per sec, as compared to the values determined by Hess and co- 
workers, namely, 51 deg F per sec, 32 deg F per sec, and 15 deg F 
per sec. As expected, the computed rates of cooling are lower 
than those actually measured for higher temperatures of preheat. 


3 MISCELLANEOUS APPLICATIONS OF THEORY OF 
MOVING SOURCES 


INTRODUCTION 


Because of lack of experimental data, the applications de- 
scribed in this part are of a more or less tentative character. The 
purpose of this discussion is not so much to arrive at numerical 
results as it is to find a scientific approach to the solution of the 
problems presented. In view of the success which such an ap- 
proach has had in the problems of welding, it is believed that the 
considerations which follow will be of more than academic inter- 
est. 

Rate of Extrusion in Continuous Casting. Continuous casting 
is a metallurgical process in which liquid metal is fed into a die 
and extruded in the form of a solid rod at a constant rate by 
means of a pair of rollers placed behind the die (19). To make the 
extrusion operation possible the rod must leave the die at a 
temperature at which the metal can be hot-worked and which 
consequently represents a given fraction of the temperature of 
fusion. In other words, the die must be capable of removing the 
heat from the cast metal to bring about the required drop of tem- 
perature. If radial temperature gradients in the rod are neg- 
lected, this drop of temperature may be regarded as being pro- 
duced by a linear flow of heat with surface losses. On the other 
hand, by the process of extrusion each section of the rod is moved 
gradually from the inlet of the die where it is at the temperature 
of fusion 7; to the outlet of the die, where it has been cooled down 
to the temperature of extrusion 72. Thus the heat flow is of a 
quasi-stationary nature and Equation [23] is applicable. If the 
die is kept at a constant temperature 7’) and if the length of 
the die from the inlet to the outlet is Z, then Equation [23] may 
be rewritten as follows 


T,— Ty = (Ti — Tre VP EPH/A —M)L | [98] 
The remaining symbols in Equation [98] have the following 
meaning ; 


> = one half of the converse value of diffusivity 
v = rate of extrusion 


P = perimeter of rod 
A = cross section of rod 
H = dissipation ratio, see Equation [20] 


For a circular rod of diameter D, the fraction PA — AyD 
Putting further 


or 


m? = 2mdoLlL + 


or 


AD a, L 
20D = SK u Pras tae {101} 
m D 


Assuming a constant value of m, Equation [101] gives the rela- 
tion between the rate of extrusion » and the mechanical and 
thermal characteristics of the extrusion. The former is repre- 
sented by the ratio L/D which is a function of the friction be- 
tween the die and the cast. 

Since the load-carrying capacity of the rod at the outlet of the 
die has a limiting value, the higher the friction coefficient, the 
smaller the ratio L/D. On the other hand, the thermal char- 
acteristics of the extrusion process are determined (a) by the 
coefficient 2, which is the ratio of the volume heat capacity of 


; nae r ¢ 
the rod to its heat conductivity hk, i.e., - (c = specific heat and 


p = density); and (b) by the coefficient H, which is the ratio of 
the heat dissipation h, and the heat conductivity of the rod, k. 
Thus both 2\ and H contain k in the denominator. This fact 
will be brought out later in the discussion. 
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RELATION BeErwEEN RaTE OF EXTRUSION AND Hbeat- 
DissipaATION Ratio IN ConTINUOUS CASTING 


Fie. 17 


Fig. 17 shows the relation between the rate of extrusion and 
the surface transfer coefficient of the interface between the die 
and the rod for various values of L/D, computed according to 
Equation [101]. For the purpose of computation, the fraction 
T, — To/T, — T» has been taken as 0.7; thus In 0.7 = —0.36. 
Likewise, dimensionless numbers rather than specific values of 
speed and dissipation ratio have been plotted in order to make 
the discussion more general. Because of the fact that for values 
of L/D > 2 the second term on the right-hand side of Equation 
[101] becomes very small as compared to the first one, the speed 
of extrusion increases almost proportionally to the coefficient H 
and the relative length of the die L/D. It also increases with the 
ratio H/2, which as pointed out previously, is nothing else but 
the ratio of the heat dissipation h to the volume heat capacity 
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of the metal. The fact that the heat conductivity of the cast 
metal does not appear in these relations is noteworthy. It shows, 
for example, that other conditions being equal, the rate of ex- 
trusion of copper wire will not be substantially greater than that 
of iron wire, in spite of the much higher heat conductivity, as the 
volume heat capacity is not very much different for these metals. 

To obtain an approximate idea of the order of magnitude of the 
rate of extrusion which can be expected, assume the following 
values for an iron wire 1 cm diam (~ 3/s-in.) when cast in a 
metallic die 


h = 0.012 cal per sq cm per deg C per sec (20) 
k = 0.08 cal per cm per deg C per sec (16) 
cp = 1.2 cal per cu em (16)? 


ll 


hence 

HD = 0.15 and 2\D = 15 sec per cm 
Assuming further L/D = 2, 3, and 4, respectively, the following 
values of 2\vD are obtained from Fig. 17: 3.15, 4.8, and 6.6, hence 


v = 0.2 cm per sec, 0.33 cm per sec, and 0.44 cm per sec 


Actually, these values may be substantially increased by im- 
proving both the heat dissipation h and the lubrication condi- 
tion between the mold and cast, i.e., the ratio L/D, when using 
graphite instead of metal for the dies (19). At present, none of 
these coefficients is very accurately known to permit more than a 
qualitative statement. However, a method of obtaining a value 
of some of these coefficients is proposed in the following section. 

Method of Determining Value of Diffusivity and Heat-Dissipa- 
ton Ratio. Equations [23] and [24] provide a convenient method 
of obtaining, in a single experiment, the coefficients \ and H, the 
former being one half of the converse value of diffusivity, the 
latter the dissipation ratio. To this end the metal to be tested 
is formed into a thin-walled cylinder and surrounded by the 
medium whose value of H with respect to the metal in question 
is to be determined. A source of heat in the form of a coil is then 
moved inside the tube at a rate which will practically produce a 
uniform temperature distribution in the thickness of the tube, 
and of sufficient intensity to bring the temperature of the tube to 
the desired maximum value. The temperature of the sur- 
rounding medium is kept at a constant temperature 7. 

By means of thermocouples spot-welded to the tube, the tem- 
perature at a given cross section of the latter is taken for three 
positions of the heat source as follows: 


1 Position 2, for which the temperature has reached the 
maximum value 7. 

2 Position a, preceding the position 2, and for which the 
temperature had a given value T; < 7}. 


3 Position 2,’ following the position 2, and for which the 


temperature has dropped back to the value 7's. 


Calling g the thickness of the tube, the ratio of the perimeter P 
to the cross section A, entering Equations [23] and [24] is simply 
1/g thus 


aa I EV Coys TENT CIS 


aoe 2 
7,7, {102] 
and / 

Poo. x/GarP aye +w) (a2! — 21) 
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These two equations can be rewritten in a more simple form by 
putting 

T2 — T» 
Ti—T. 


9 Strictly speaking, coefficient 1.2 must also include the latent heat 
of fusion. 
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= 00s hi 4 ee eee [105] 
g g 
hence 
= V (x09)? ard (PONT Aird dea ye [106] 
and 
a es \/ hogyt oe Hig gh eee [107] 
Solving for \vg and Hg there follows 
1 1 
dug = eee s) Meee Sa ea ns eae [108] 
2 \u U 
and 
2 
Ho'& oh hatals de eee [109] 
uu 


hence finally the average diffusivity between the temperatures 
T; and T2 


a A Av (x2 — 2) (41 — a2) 
2r m (a2 + Ie! = 221) 


and the average dissipation ratio between (7, — 7) and (T2 — 
T») 


Ree. Us Cee 
(G2 — 21) (41 — a2) 


Characteristically, the expression for diffusivity does not de- 
pend on the thickness of the tube and the expression of H does 
not depend on speed. 

Control of Factors Governing Flame-Hardening and Continuous- 
Quenching of Steel Products. The purpose of flame-hardening is 
to produce a hardened case in steels of proper carbon and alloy 
content by raising the temperature of the case above the upper 
transformation point of steel Acs, and by quenching it as rapidly 
as possible in water. When dealing with parts of some length, 
such as gear rims or rails, the rise of temperature is accomplished 
by means of an oxyacetylene torch moving at a constant speed 
v, and the quenching, by a water sprinkler which moves closely 
behind the torch. 

In what follows it will be assumed that the part has a rec- 
tangular section and that the flame of the oxyacetylene torch 
covers uniformly the surface over its whole width g, but that it 
extends over only a small portion / of its length. Thus the heat 
flow may be considered as being produced by a narrow’ plane 
source of heat moving at a constant speed, v. This case has been 
examined in Part 1, and Equations [51] and [60] have been de- 
rived to describe the temperature distribution around the heat 
source. Of these, Equation [51] represents an almost uniform 
rise of temperature which will result in the heated part through- 
out its thickness, at some distance behind the source, if there are 
no losses to the surrounding. This rise of temperature is then 
merely the consequence of the storing up of the heat, and if the 
latter is delivered at a rate of g thermal units per unit time, the 
rise of the temperature 72 behind the source over the initial tem- 
perature 7) is in accordance with Equation [51] 


T.—T a 


As previously cp (c=specific heat, p=density) represents the 
volume specific heat, and v the speed at which the source moves. 
As for the symbols a and g, their previous meanings must be in- ~ 
verted in order to keep up with the present description of things. 
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They are accordingly; a = the thickness, and g = the width of 
the heated part. 

As has been shown in Fig. 2, for the case of a very narrow plane 
source, 7’; also represents the temperature at some depth below 
the location of the heat source. This temperature is quickly 
approached by the bulk of the metal as the heat source moves 
away from the section considered. For convenience, temperature 
T2 will be called the ‘‘bulk’” temperature. With this in mind, 
Equation [60] represents the relative rise of the maximum sur- 
face temperature 7), as compared to the rise of the bulk tempera- 
ture of the piece. Fig. 18 shows the same relation graphically. 
Here for convenience the converse of the relative rise of tem- 
perature, namely (J, — 7 )/(T: — To), has been plotted as a 
function of a dimensionless number Ava, whose significance will 
be explained shortly, and for various lengths / of the source re- 
ferred to the thickness a of the piece //a. Assuming that in 
flame-hardening the surface temperature is required to reach a 
constant value 7; and that 7’) is the practically constant room 
temperature, Fig. 18 shows that the higher the number \va the 
smaller will be the rise of the bulk temperature 72. The same 
result is obtained by decreasing the relative length of the source 
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Various ConpDITIONS OF FLAME-HARDENING 


In order to interpret the number va, attention is called to 
Equation [112]. If & is the heat conductivity of the material, 
it will be recalled that by definition 


hence Equation [112] can be rewritten as follows 


mg 2k(T, — To) 

In this relation g/g is the rate of heat per unit width and it 
may be considered as a characteristic of the heat source em- 
ployed. When comparing Equation [114] with the chart, Fig. 18, 
it is found that va is a parameter which allows expression of the 
maximum surface temperature 7, or the bulk temperature T», 
whichever is made variable, as a function of the heat characteris- 
tic (¢/g) of the torch, and also another characteristic of the torch 
represented by the relative length 1/a. Neither of these char- 
acteristics can be measured directly, but indirectly both can be 
determined by using Equation [114] and chart, Fig. 18, in reverse. 

To this end, a trial experiment can be set up using a sample of 
the material to be treated in the form of a rectangular bar and 
measuring the temperature at a certain point of the surface and 
below the surface, while the latter is being heated, by passing 


over it the torch whose characteristics are to be determined. 
The following measurements are made: 


1 Initial temperature, To. 

2 Maximum temperature 7) at the surface. 

3 Temperature T2, for which the surface temperature is al- 
most the same as the depth temperature. 

4 Speed of motion, »v of the torch. 

5 Width g, and thickness a of the bar. 


Assuming an average constant value for \ and k, the value of 
q is thus determined from Equation [112] and the value of 2 
from the chart, Fig. 18. For example, if 7: — 7 has been 
measured to be 800 C (1440 F) and 7; — T) = 400 C (720 F), 
and if, furthermore, the speed at which the torch moved was 0.85 
cm per sec, (0.336 ips), and the section of the bar 5 em wide and 
1 cm thick (about 2 X 3/3 sq in.), then assuming, according to 
previous discussion, & = 0.08 cal per cm per deg C per sec, and 
= 6 sec per sq cm for steel, the value of g is found from Equa- 
tion [114] as 


q=6X085 X1X5 X 2 X 0.08 X 400 = 1640 cal per sec 


and J/a,from the chart, Fig. 18, with (72 — To)/(T1 — To) = 0.5 
and \va = 5.1, as 2; hence! = 2 cm (= 0.79 in.). 

If each torch thus has been rated for a given value of q and I, 
it then becomes possible to determine for what thickness of steel 
it is best fitted. As a usual practice, it may be attempted to 
keep the maximum surface temperature slightly above Ac; and 
the bulk temperature slightly below Aci, thus the ratio (T2— T»)/ 
(T1— T») will be around 0.66, and the value of \wa, according to 
Equation [114] around 0.01 (q/g), if g/g is expressed in cal per 
cm per sec. Assume, for example, a torch is used for which g/g = 
400 cal per cm per sec, and / = 2cm. It is required to find the 
thickness a for which it is fitted and the speed of motion v. 

From Equation [114] wa = 0.01 X 400 = 4.00 and from the 
chart, Fig. 18, the intersection of (J — To)/(T: — To) = 0.66, 
and \va = 4, gives l/a = 3. Thus a = 2/; cm = 0.26 in. and 
since wa = 4, the speed »v = 1 cm per sec, or about 23 ipm. If 
the bulk of the mateérial is to be kept much below Aci, for ex- 
ample around 600 F, then (72 — T:)/(T1 — To) is around 0.33 
and va = 0.005 (q/g). Hence with the same type of torch 
as before, wa = 2, and l/a = 0.2; a = 2/0.2 = 10 cm (4 in.). 
The speed, however, is reduced as much as the thickness has been 
increased, becoming only 1.5 ipm. 

Continuous Quenching. If the heat, instead of being delivered 
to the piece, is being withdrawn at a rate of g thermal units per 
unit time, under conditions similar to that of flame-hardening, 
then Equation [114] and the chart, Fig. 18, can be used to control 
the final temperature 7’, to which the surface of a piece previously 
heated to a temperature 7) will be automatically reheated after 
having been quenched down to the temperature 7. This problem 
can be solved in a manner similar to that outlined for the flame- 
hardening. To make the conditions more specific, suppose it is 
desired to improve the hardness of the top surface of a rail by 
means of water-quenching, followed by tempering at 500 C (950 
F). Using the theory of a moving-plane source, this treatment 
can be attempted in one continuous and single operation as 
follows: After the rail has left the rolling mill at some 980 C 
(1800 F), it is quenched by means of a water sprinkler moving at a 
constant speed v. The problem is then reduced to the deter- 
mination of the characteristics of the water sprinkler in such a 
way that the surface of the rail after being quenched to the tem- 
perature of 20 C (86 F) is reheated to a bulk temperature of 500 C 
(950 F). To this end, suppose that the head of the rail is 2 in. 
wide and 1!/2 in. thick, or approximately 5 X 4 sq cm, and that 
the heat content of the web can be neglected. Then by assuming 
that the water spray covers a surface of 5 X 5 sq em, the value 


864 


of l/a is 5/4 


1.25. On the other hand, (72 — To)/(T1 — To) = 


500 — 88) _ 0.5; hence from the chart, Fig. 18) » 3.2 
Spat OS0Pa ee ence from the chart, Fig. 18, wa = 3.2. 


If this value is substituted in Equation [114], then by Pee 
as previously k = 0.08 cal per cm per deg C per sec, and \ = 
sec per sq cm, the value of g becomes 


ll 


q = —3.2 X 5 X 0.16 X 480 = —1240 cal per sec 


Since \va = 3.2, the speed of motion is 


v = 3.2/6 X4= 


0.132 em per sec = 3.15 ipm 


A simjlar computation will show that if it is desired to obtain 
a tempered martensite at 100 C (= 212 F) at the surface, the 
heat must be removed from the surface at a rate of 2280 cal per 
sec with the same speed of motion. 

Before closing, emphasis again is put on the tentative character 
of the foregoing computation. There is obviously need for some 
preliminary experimentation before the theory expounded can be 
used as a practical tool much in the same way as this has been 
done for welding. 
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Appendix 1 


User or INSTANTANEOUS SOURCES FOR SOLUTION OF Heat FLow 
Due To Movine Sources 


The solution of heat flow in an infinite solid due to a source 
moving in a given direction may be obtained by adding the 
contributions of an infinite number of small] instantaneous sources 
placed one behind the other at infinitely small intervals of time, 
along the direction of motion. If the direction of motion is taken 
as the z-axis, then the contribution of an infinitesimal instantane- 
ous point source dQ placed at a distance x’ from the origin at a 


time t’, may be represented as follows in so far as the increase of 
temperature dT of a point (2, y, z) at any moment ¢ 2 t’ is con- 
cerned” 
fs x 
dT = V2 dQ Se) 26) esis! 


Sark “s (t—t’/)*? 


where dQ is the quantity of heat of the point source, k is the heat 
conductivity, and 2) is the converse of heat diffusivity. How- 
ever, if the law of motion is given, x’ is a known function of t’; 
and the same is true for the amount of heat delivered by the moy- 
ing source; thus 


Q = o(t’) or dQ = 9'(t’)dt’ 
and 
‘= fv’) 
hence 


nN 


b(t’) 2¢=0) 


= t 
/ 2» - 
Sh hy = 
: 8a'/*k if G— ty" 


This is the most general equation of heat flow in an infinite solid 

due to a moving-point source. Similar expressions can be de- 

rived for moving line and plane sources. 
As a particular case, put 


{ les +yrt et} 


Q = 
and 
a vbe 


where g and v are constants. 
Then BOs (A) fy eae 


» p 
pone V/2r q e 2—") [(a—vt’)?+y?+27] 
2 Srl? Ge t ae 


Put 
C= = Ey ele 
There follows 
2rdr 


Pia hn 
Srl? k Jo 73 


ay t AR? Xr? 
_ V2 4 ome yi Leper aor 


ipa — 5X, [R24 2otr? 0°44] 
0 = é 


10 Reference (9), p. 150. 
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or letting t—> © 


T—T) = 


5a oo AR? Ar? 
V2 q om f dr - Dea OP [C] 
0 


4a*/2 k ga ee eee 


The infinite integral appearing in Equation [C] can be solved 
by means of the Bessel function K1/,(%). To this end put a new 
variable a, such that 


The substitution of Equation [D] in Equation [C] gives 


2d 1 3 
= IV 2X (at x aah, ge OR)2a?— 1a? 0-2 ay 


But according to the theory of Bessel functions (10) 


of e WR)Pa? "sa? ged] = /2xR K1/,(\oR) 


and furthermore 


K (r R) iver —rvR 
Ee /2x0R + 
hence finally 
—doR 
Ch eg 8B 
T—T =—~e 
imho R 


This expression has been derived previously in Part 1 in a more 
simple way for a three-dimensional case. 

Using similar procedures for the line and plane instantaneous 
sources, Expressions [31] and [18] can be derived for the two- 
dimensional and linear heat flow, respectively. 


Appendix 2 


EXPANSION OF SoLuTION [45] in A Fourter Surims 


As shown by Carslaw,!! if f(y) is an even function of y which 
can be expanded, as also f(y + 2na), in a Fourier series of cosines 
of multiples ry/a, then 


= 1 2 2 = Ww 
> fy = 2na) = - i, fy)dy + - > Coe 
5 a Jo a he a 


WP fly’) cos™* dy 
a 
Let f(y) = KoQw Ve + y?), then 


> KolwV #2 + (y = 2na)*) = ve KolwV 2 + 92) dy 
+ 2 SF cos a x if KiwV 2 + y’?) cos may dy’ 
a hon a 0 a 


But, by virtue of the integral representation of Bessel function 
(10) 


if Kw? + ¥)dy = — 4 COLNE 
0 


Jo nv 


x ea (Avy)? d(dvy) = i Vx i @ 7 (AVE) 42 = T/ at? t-2dt 
0 ww 2 0 


11 Reference (9), p. 159. 


Likewise 


% ——__. my’ es 
i KoQwV 2 =F y’?) cos = dy = : em (AE) P= at? 
0 ’ a dv 0 


t“1dt X ih eW Ory')t* Gog fe wu’) d(dvy’) 
0 va P 


7 ao 
0 


2dv 
an \* 
1 —— 
vi + (3) 
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where a 


hence recalling that 


we obtain expression, Equation [48] or [49], according to whether 
£ is positive or negative. 


Discussion 


R. H. Cameron.!2 ~This paper is of considerable interest to 
the writer as a mathematician, because it shows that data of 
important practical significance can be calculated by the use of 
higher mathematics and higher mathematical techniques. While 
undoubtedly many of the author’s conclusions have been or will 
be checked directly by experiment, his methods make it possible 
quickly to calculate data and plot curves which could be obtained 
directly only by a very large number of time-consuming and 
costly experiments. His theory of quasi-stationary states sim- 
plifies many practical problems to the point where calculation is 
possible and provides a method of attack on other problems 
which have not yet been put on a mathematical basis. 

The author’s technique changes a problem involving moving 
heat sources into one involving only fixed sources or singularities, 
and thus extends the classical methods of treating fixed sources to 
the more difficult problems of moving sources. These methods 
apply to such apparently diverse problems as are welding, the 
rate of extrusion of a continuous casting, continuous quenching, 
and the heating effects of the passage of a bullet in a gun barrel. 

Finally, his methods can be used in connection with experi- 
mental work to suggest the design of experiments, the direction 
they should take, and the interpretation of the results. His 
method for determining the values of diffusivity and heat-dissi- 
pation ratio is an example in point. 


M. W. Rusestn™ anp R. C. Marrryetit.'4 The author has 
presented an extremly interesting and useful contribution to the 
field of heat conduction. It is interesting to note that, due to 
the quasi-stationary state existing about the moving source, the 
method of relaxation can be readily applied to the problem. 

A heat balance is made on a lattice of sides 5 and depth 6/2 situ- 
ated directly below the moving source and moving with the source 
at a velocity v. Consideration is taken of the heat generated by 
the source, the heat conducted into the lattice by conduction, 
and the heat carried into the lattice by the movement of material 
through the lattice. Heat balances are made on other lattices sur- 
rounding the one about the source and a set of relaxation patterns 
established. Calculations show that the results of this numerical 
method check reasonably with the analytical results of the author. 


12 Professor of Mathematics, University of Minnesota, Minneapo- 
lis, Minn. 

18 University of California, Berkeley, Calif. 

14 Assistant Professor of Mechanical Engineering, University of 
California. Mem. A.S.M.E. 
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Heat losses from the surface can also be accounted for by the 
method of relaxation. 


AvuTHoR’s CLOSURE 


Professor Cameron’s comments coming from a mathematician 
are very much appreciated. The technical man neither ignores 
nor belittles the value of the mathematics, but the thing he is 
primarily interested in is the final numerical value of the solution 
and not the way in which the latter has been obtained. Unfortu- 
nately, many a mathematician does not appreciate this point of 
view as fully as Professor Cameron does. They are inclined to 
consider the ultimate step of the analysis which consists of put- 
ting the solution in a form suitable for numerical computation 
as some sort of ‘‘puka” mathematics to be left to the computing 
machines. While the latter certainly are tremendous time savy- 
ers, they hardly afford as complete a view of the problem as a 
mathematical analysis does, especially when it comes to the 
consideration of singularities. Some of the problems of heat flow 
require the use of the highest mathematical techniques, and it is 
only through the co-operation of mathematicians who are skilled 
in those techniques that a substantial progress in the theory of 
heat flow can be made. 
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The emphasis on the mathematical analysis does not preclude 
the use of numerical methods for particular applications. From 
this point of view the remarks made by Mr. Rubesin and Pro- 
fessor Martinelli are most welcome. The author is not enough 
familiar with the relaxation method to see the advantages that it 
offers in the treatment of a general problem of heat flow, like the 
one developed in the present paper, but he is aware of the possibil- 
ities which it affords in solving particular problems with specific 
boundary conditions. For example, he would be very much in- 
terested to see the discussers treat the following two problems 
which are of importance in are welding: 


1 Heat flow due to a moving plane source of a circular shape, 
and 

2 Heat flow in a plate heated by a moving point source on one 
face and cooled by liquid medium on the other face. 


The solution of the first problem may give a better insight into 
the phenomena of temperature distribution in the molten pool, 
and the second is of especial interest in ship-repair welding. 

In closing the author wishes to thank all discussers for their 
kind interest in his paper. 


Cutting Action of Reamers 


By T. F. GITHENS,! CLEVELAND, OHIO 


The cutting action of reamers resembles in many ways the 
cutting action of boring tools or twist drills. There is a 
common misconception that a reamer somehow gets into 
a hole and then scrapes the hole to size by means of its 
longitudinal cutting teeth. What really happens is that 
a reamer, a small amount larger than the hole to be fin- 
ished, must cut its way into the hole by its entering teeth; 
and then produce a smoothly finished hole, round, straight, 
in proper alignment, and as near to the standard reamer 
size as possible. Reamers are provided with three kinds of 
clearance, point, peripheral, and longitudinal. Reamers 
can be made with combinations of positive, negative, and 
zero radial and axial rakes. The angle of the point 
and the feed per revolution affect the true rake angle of the 
cutting edge. Reamers must be kept sharp. The standard 
reamer made accurately to size and carefully used to pro- 
duce a standard hole has been the most important factor 
in interchangeable manufacture. All classes of fit can be 
made by proper allowance on the shaft and the mainte- 
nance of the dependable standard hole produced by the 
standard reamers. These and other facts concerning 
reamers are explained in this paper. 


MaAcuINE aND Hanp REAMERS 


MACHINE reamer is a tool used for enlarging a hole, 

previously formed, and for freely cutting this hole as 

round, smooth, straight, in proper alignment, and as close 
to the standard or exact size as possible (1).? 

A reamer is accomplishing its purpose when it cuts freely a 
round, smooth, straight hole its own size. 

The principal parts of a machine reamer are shown in Fig. 1. 
These definitions and those for hand reamers are explained in the 
American Standard for Reamers (2). 

The principal parts of a hand reamer are shown in Fig. 2. 


REAMER CLEARANCES 


A reamer without clearance cannot cut because its cutting 
edges cannot get under the surface of the metal to lift or sever 
the chip from the metal. If forced into a hole it merely rubs or 
burnishes the surface of the hole and either heats the tool suffi- 
ciently to draw the temper, or tears the hole, or does both. A 
reamer having proper clearance cuts freely and smoothly (1). 

There are three kinds of clearance on reamers, as follows: 


1 Clearance on the entering ends of the teeth. This clear- 
ance is illustrated in Fig. 3 and is sometimes called “point” 
clearance. 

2 Clearance along the lands or peripheral part of the reamer. 
This is sometimes called “radial relief”? or clearance. This is 
illustrated in Fig. 5. 


1 Mechanical Engineer, Cleveland Twist Drill Company. Mem. 
A.S.M.E. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Research Committee on Cutting Data and 
Bibliography and presented at the Semi-Annual Meeting, Detroit, 
Mich., June 17-20, 1946, of Tux AMERICAN SoOcIETY OF MECHANICAL 
ENGINEERS. 
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3 “Longitudinal relief’ or “back taper,’ which is a very 
slight taper of about 0.0001 in., which makes the reamer smaller 
toward the shank in order to prevent the back end from enlarg- 
ing the hole or dragging and thereby roughing up the finish of the 
hole, Fig. 7. 
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Point CLEARANCE 


The entering cutting edges on chucking reamers are usually 
beveled at an angle of from 40 to 50 deg for the purpose of keep- 
ing the extreme cutting corner as obtuse as possible, which helps 
to keep it sharp for a longer time. This cone shape also aids the 
reamer in centering itself in the work. These cone-shaped edges 
must be ground to a sharp edge with clearance for end-cutting, 
Fig. 3. 

Hand reamers have a much longer taper, about 0.015 in. per 
in., and they are used for finishing purposes only. These ream- 
ers are but slightly smaller at the entering end, as it is necessary 
to remove only a small amount of metal in the finishing process. 
This long taper allows a scraping cut to be taken in such a manner 
that very accurate and smooth holes are produced. The taper 
edges must be ground to a sharp edge with clearance. A bevel 
of about 45 deg is also put at the long end of the tapering point 
to aid the hand reamer in entering the hole, but there should be 
so little stock left in the hole that this bevel should do no cutting, 
Fig. 3. 

Fluted chucking reamers which are sometimes required for very 
accurate and smooth holes often have a slight second bevel in 
addition to that already mentioned, which acts like the taper on 
a hand reamer, thus making a smoother hole than would other- 
wise be the case. This is shown in Fig. 4; the length of this 
second taper need be only !/;. in. and must be ground to a sharp 
edge with proper clearance (1). 
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Side clearance is illustrated in Fig. 5 and is formed by grinding 
away a portion of the land, usually leaving a slight cylindrical 
margin. The action of a reamer without side clearance is best 
understood by comparing a single tooth of the reamer with a bor- 
ing tool having no clearance behind the cutting edge, as shown in 
Fig. 6, in which # is the hole to be bored, D the cutting edge, A 
is the side of the tool or peripheral land, with small sector B ex- 
actly concentric with the hole. Clearance is shown on the end of 
the boring tool at C. 

It will be seen that great pressure would have to be exerted in 
the direction indicated by arrow X to hold the tool against the 
work, because the tool can cut the metal only at edge D, which 
enters the metal in the direction of the length of the hole, and 
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therefore there is no cutting action accomplished by the part 
shown at B, This part only rubs and as there is: some spring 
to the tool it does not cleanly sever the chip produced by cutting 
edge D. Therefore part B is forced outward at each succeeding 
revolution as the tool is advanced, which results in producing a 
tapering hole as shown on dotted line ZH. This could be overcome 
only by exerting enough pressure in the direction of arrow X to 
hold sector B absolutely to its line of travel and by having the 
surface so hard and smooth that it could not tear the wall of 
the hole (1). 

Another factor that also tends to produce a tapered hole and 
that requires additional pressure in the direction of the arrow is 
the dulling or rounding over of the extreme corner of the tool at 1. 
This dulling action is very severe at this point. The easiest and 
surest way to overcome these difficulties is to relieve the surface 
B along a line represented by FG. This reduces the required 
pressure in the direction shown by arrow X, and also lessens the 
trouble due to the dulling of the extreme cutting corner, and 
makes it possible to bore a hole the sides of which are practically 
parallel. The hole will also be smoother, as the side of the tool 
will scrape out the roughness left by the dulled corner as it follows 
after it. It must therefore be evident that a reamer without 
radial or side clearance is working under great difficulties and the 
chances for accurate work are small. It is also evident that as 
the surfaces of the reamer, which correspond to B, advance 
into the metal they should be lubricated and this can be done by 
lubricating the cutting edges as well. 

Side relief is necessary for accurate reaming, yet a slight margin 
or cylindrical portion of the land must be left on the reamer to aid 
it to maintain correct size of the hole and allow the reamer to 
be sharpened many times without losing its original size. If 
the margin can be prevented from abrading or wearing away, the 
reamer can be sharpened back indefinitely. Of course some 
abrading and wear cannot be prevented, and commercial reamers 
are usually made a few ten-thousandths oversize so as to allow 
longer tool life and still produce accurate holes. 


Rake ANGLES 


The “rake angle” of a tool is the angle between the top cutting 
surface of a tool and a plane which is perpendicular to the surface 
of the work and to the direction of motion of the tool with re- 
spect to the work. ; 
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The “axial-rake” angle is the same as the “helix angle.” The 
“radial-rake” angle is the angle between the face of the flute and 
a radial line drawn to edge of the margin. 

The best rake angle for each material, speed, feed, and ma- 
chine-operating condition is a matter of trial and experiment. 

Figs. 8, 9, and 10 show some possible combinations of axial and 
radial rakes with which reamers can be made. 

Fig. 11 shows that the manner in which the reamer approaches 
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the work affects the rake angle. The larger the feed per revolu- 
tion the larger is the rake angle due to the feed. 

Fig. 12 shows how the axial- and radial-rake angles combine to 
affect the oblique rake angle shown (3). 

Fig. 13 shows a section at right angles to the point cutting edge 
at the actual and cutting edge of the reamer. This true rake 
angle depends upon the combined values of the radial rake, the 
axial rake, and the point angle or bevel. 

Fig. 14 shows how in special cases with great care in grinding, 
the cutting rake of the point cutting edges may be varied for dif- 
ferent materials and cutting conditions. 


Form oF Fiutes 


The style of flute is of the greatest importance, as its shape 
and area determine the relative strength of the tooth and the 
ability to carry away the chips. Large chip space and strength 
are desirable in all reamers but they are of greater importance in 
reamers designed for taper-reaming and for use in machines. The 
cutting face of a reamer tooth should have a fillet, see Fig. 15, 


c 


Fie. 15 Dirrerent Forms or Fiutres Usrep ror Various Types 
or REAMERS 


beginning about midway between the top and bottom of the 
tooth where great strength is desired, as in machine reamers, and 
nearer the bottom where the strength is of less importance, as in 
hand reamers. This fillet does not reduce the chip area materially 
because the chips tend to curl in most metals and this curl con- 
forms to the shape of the fillet. Theoretically, the shape of the 
back of the tooth should be a convex parabola from the cutting 
edge to the base or junction of the fillet to obtain maximum 
strength. For manufacturing reasons a straight line or a con- 
cave curve which is tangent to the fillet and which lies outside 
the parabola is standard practice. 

At A in Fig. 15 is shown a tooth with convex parabolic flank 
which is rarely used except on heavy chucking reamers where the 
cuts are heavy; at B is shown the straight flank; while at C is 
shown the concave-curve flank largely used by most manufac- 
turers. Shape C' provides a large chip area, and where uneven 
spacing is practiced the lands are most easily kept at uniform 
width (1). 


PREVENTION OF CHATTER 


Another desirable feature in a reamer, and especially a taper or 
hand reamer, is that it be able to cut a round smooth hole without 
chattering. There is an erroneous opinion prevalent that an even 
number of flutes chatter more than an odd number. This is a 
fallacy and our experience shows that an odd number of flutes 
will chatter as readily as an even number, especially when the 
reamer has more than four flutes. 

Chatter may sometimes be eliminated by reducing the amount 
of clearance. To make reamers suitable for reaming most kinds of 
material met with in ordinary practice a considerable amount 
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of clearance must be given, and this would produce chatter by 
biting in unless it is offset by some other features. 

Chatter may sometimes be reduced by making the setup as 
rigid and strong as possible and by using pilots and guide bush- 
ings. 

Chatter may also be reduced by cutting down the speed of the 
reamer. Speeds must not be so high as to permit chatter (5). 
Too low a feed may in some cases cause chatter due to glazing 
of the hole. Too much positive rake angle or too much negative 
rake angle may also cause chatter. 

Reamers as commercially made usually have the cutting teeth 
unequally spaced. Fig. 16 shows a reamer with even spacing and 
a reamer with one type of uneven spacing. The reason for pro- 
viding this uneven spacing is to reduce the possibility of chatter. 

Fig. 17 shows a chucking reamer about to enter a hole. If the 
axis of rotation A-A of the reamer is exactly in line with the axis 
of the hole B-B, and all cutting conditions correct, such as speed 
not too high, feed not too low, amount of stock sufficient for a 
chip, rake not too hooked or too negative, the work and reamer 
rigidly held and guided if possible, there should be no chatter 
and a round, smooth, accurately sized hole should be produced. 

However, if the axis of the reamer is out of line with the axis 
of the hole, or if a hard spot in the steel is cut, or if the reamer 
teeth are not sharpened accurately so that they are all at the same 
angle and length; one tooth of the reamer may cut a little deeper 
than the others, and in addition to the motion of rotation about 
its axis, the reamer will also acquire a secondary form of rota- 
tion as shown in Fig. 18. 

This shows the situation greatly exaggerated. Tooth 1 has cut 
deeply into the metal and for an instant the reamer will rotate 
about the instantaneous center 1, until tooth 2 bites into the 
metal. Tooth 2 now becomes the instantaneous center of rota- 
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Fig. 16 Unequau Spacine or Fiures To Avorn CHATTER 


Fra. 18 (left) Unequau Spacine or Fiures ro Avoip CHATTER 


(Section M-M of Fig. 17 greatly exaggerated. Reamer while rotating about 
its axis rotates also about center 1, a small amount, until tooth 2 cuts.) 


Fie. 19 (right) Unequat Spacine or Fitures tro Avorp CHATTER 


(Section M-M of Fig. 17 greatly exaggerated. Reamer while rotating about 
its axis rotates also about center 2, a small amount, until tooth 3 cuts.) 
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tion (see Fig. 19) and the reamer rotates until tooth 3 bites in, 
and so on all around the reamer. This continues while the 
reamer is rotating about its axis. A very bad condition such as 
described would result in chatter. If the teeth are unevenly 
spaced so that the distances between 1 and 2, 2 and 3, etc., are 
not the same, the jump or biting-in of the teeth will be unevenly 
distributed, and the cut gradually may become smooth and 
chatterless. 


Curtine AcTrIon 


The cutting action of a reamer has been shown in Fig. 6 to be 
similar in many respects to that of a boring tool. In Fig. 20 is 
shown a boring tool about to enlarge or finish-cut a rough hole. 
It must cut it sway into the hole by its sharp, cleared, end 
cutting edge D. Similarly the reamer must cut its way into the 
small rough hole by its sharp, cleared, end cutting beveled 
teeth or point. 

The cutting action of a reamer is in some respects similar to 
that of a drill. Fig. 21 shows a drill about to cut through and 
enlarge a rough hole. The drill is larger than the rough hole and 
in order to enter, the drill must cut its way in. Similarly, in 
the same figure the reamer must be larger than the rough hole 
and must cut its way into the hole by its end cutting or beveled 
teeth. The cutting action of the longitudinal margins or lands 
is explained in connection with Fig. 6. 

Fig. 22 shows the similarity of the cutting action of a drill and 
a hand reamer. The cutting action of a reamer is in some re- 
spects similar to that of an end mill as shown in Fig. 23, assum- 
ing that the direction of feed for both tools is helically axial. 
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Fie. 23 Simizaniry or Currinc AcTION oF AN END MILL AND A 
MacuHInE REAMER 
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Fic. 24 Srmrarrry or Currine AcTION or A Face MIL Aanp A 
Macuine REAMER 


The bodies of both tools fit in the holes they cut. Of course, in 
an end mill the direction of feed is usually perpendicular to the 
axis of the tool, not along the axis. Also an end mill will not usu- 
ally produce as accurate a hole as a reamer because its longitu- 
dinal teeth are backed off sharp with no margins or lands. 

Fig. 24 shows how a face mill, usually used for cutting along 
the surface of a piece of work, might be used to enlarge a hole. 
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This shows that the cutting action of face-milling teeth is essen- 
tially similar to that of reamer end cutting teeth. The lands or 
margins on a reamer serve the same purpose of smoothing the 
cut that the faces do on a face mill. 


REAMER SHARPENING 


After a reamer has been used for a number of holes it will show 
signs of wear. These signs should be carefully watched and 
studied and at the proper time the reamer should be resharp- 
ened. In general, higher speeds will cause the reamer to dull 
faster, but higher speeds also give higher production. The finish 
required also determines the speed possible. 

It will be noticed that the reamer will become dull along its 
once sharp edges A-B, Figs. 25 and 27, with the greatest wear at 


Fie. 27 
ReEAMER Curtine Epces 


Fic. 25 Wear or REAMER Wear OF Hanp- 


Curtine EpGEes 


the corners A. After a number of holes have been reamed the 
corner A will become completely rounded off. If the reamer is 
continued in use after this corner has become worn, the sharp 
edge along the margin A-C will also become worn and abraded 
starting at A and working back along the margin or land A-C. 
If the reamer is kept in use in this dull condition it will be com- 
pletely ruined, the margins all the way back to D will become 
abraded, and the reamer cannot ream a smooth hole to the cor- 
rect size. 

The first result of using a dull reamer will probably be under- 
size holes, the reamer will be actually forced through the hole 
without cutting its true size. This of course, causes unnecessary 
wear on the reamer lands. If at the first sign of holes coming 
smaller in size the reamer is sharpened, holes up to size will be 
again produced. 

To sharpen the reamer it is necessary to grind only the point or 
cutting edges back as shown at A-D, Figs. 26 and 28, with the 
proper clearance. The edges are ground back until the corner 
and marginal dullness between A and C is removed. 

The importance of frequent reamer point sharpening for ac- 
curate and smooth holes cannot be overemphasized, especially as 
it is as simple an operation as drill point sharpening, and a very 
similar one. Frequent sharpening prolongs the life of the ac- 
curately sized reamer margins and lands, and guards against 
their abrading or wearing undersize and producing undersize 
holes. 

Just how often a reamer should be sharpened or what tool life 
a reamer should have in minutes of use per grind or number of 
inches of holes reamed per grind must be determined by trial for 
each particular application. 

In general, the higher the cutting speed the shorter will be the 
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Fic. 26 SHARPENING OF REAMER-PoinT Curtinc EpGE 


ENLARGED VIEW 


Fic. 28 SHARPENING OF HAND-REAMER Point Curtine EpGEe 


tool life, but of course the high cutting speed has the advantage 
of high production, if the finish and accuracy of the holes pro- 
duced are satisfactory. 

On single-operation machines where it is a simple matter to 
take out a tool and resharpen it, low tool life and high production 
are desirable. On a multispindle automatic it might be uneco- 
nomical to change tools more than once a shift, and here slower 
speeds and longer tool life on a particular operation may be better. 

In any case, the use of a dull tool is very poor economy. It is 
destructive of the reamer and productive of poor and unaccepta- 
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ble work. Some methods for sharpening reamers are shown in 
Fig. 28. 


FLOATING TOOLHOLDERS 


It should always be borne in mind that a reamer produces its 
best work when taking light cuts. If the holes are being finish- 
reamed in a machine, good work has been done by holding the 
reamer in a chuck, collet, or holder that will float smoothly with- 
out jumping. Some good work is done with holders that allow 
the reamer to float perpendicular to its axis as well as at an angle 
(1). This floating action is necessary because it is almost im- 
possible to hold the reamer so that it is exactly concentric with 
the hole, and at the same time have the line of travel of the axis 
of the reamer coincide or line up with the axis of the hole. A 
reamer must align itself with the hole it is cutting for extreme 
precision. The lands or margins of the reamer must be a snug 
fit in the hole that the reamer is finishing. The axis of the rotat- 
ing reamer must coincide within a very small amount with the 
axis of the tool. 

This floating alignment and rigidity of cut are both difficult to 
attain but are necessary for good work. 


Spreps, Freps, AND LUBRICANTS 


No definite rules can be given to cover the speeds and feeds 
that should be used in reaming. Several factors govern the cor- 
rect feed and speed. The material to be reamed and the material 
of the reamer are perhaps the most important governing factors. 
The finish desired in the hole and whether hand feed or machine 
feed is used, govern the selection of the proper feed. The type of 
lubricant used, or whether the reamer is piloted or guided in any 
way, also influence the decision. 

In general, reamers should be run at about one half to two 
thirds the speed of the corresponding drill. It is always best to 
start the reamer somewhat slower than this, and gradually in- 
erease the speed until the best condition is found. If the reamer 
is run at too slow a speed the production will suffer, while if run 
too fast, the wear on the reamer will dull it too soon. Somewhere 
between these two extremes is the proper speed which gives a 
high productivity with a long reamer life. 

Féeds should be from 2 to 3 times the feed of the corresponding 
drill. The higher feed causes increased production and reduced 
tool wear. If too fine a feed is used, the reamer will be subjected 
to unnecessary wear. Too coarse a feed will produce feed marks 
in the hole. The desired finish must be balanced against the 
production per hour. 

Feeds are governed by the size of the reamer and the material 
reamed. A general rule is first to try a feed of 0.002 to 0.004 in. 
per revolution for reamers smaller than 1/sin.; 0.004 to 0.008 for 
reamers 1/3 to 1/4 in.; 0.008 to 0.014 for reamers 1/, to 1/2 in.; 
0.014 to 0.030 for reamers 4/2 to 1 in.; and 0.030 to 0.050 for 
reamers larger than lin. Alloy and hard steels should generally 
be reamed with the lighter feeds, while cast iron, brass, and alumi- 
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num are sometimes reamed with the heavier feeds. 
speeds for reamers are given in Table 1. 


Suggested 


LUBRICANTS 


Lubricants have many functions, several of which are as fol- 
lows: 


1 To cool both the cutting edges of the tool and the work be- 
ing machined. This can best be done by directing as large a 
volume of the coolant as possible on the cutting edges. On 
thin-walled work it often helps to allow a large volume of flow 
onto and around the piece. 

2 To lubricate the chips; this aids in chip clearance. 

3 To improve the finish of the work. The selection and 
proper application of the lubricant will materially influence the 
machined finish. 


It is suggested that lubrication problems be referred to a repu- 
table manufacturer of cutting oils. The following list of lubri- 
cants should be used as suggestions only: 


1 Aluminum and its alloys: Soluble oil, kerosene, and lard- 
oil compounds, light nonviscous neutral oil, kerosene, and solu- 
ble-oil mixtures. 

2 Brass: Dry, soluble oil, kerosene, and lard-oil compounds, 
light nonviscous neutral oil. 

3 Copper: Soluble oil, winter-strained lard oil, oleic-acid 
compounds. 

4 Cast iron: Dry or with a jet of compressed air for a cooling 
medium. 

5 Malleable iron: Soluble oil, nonviscous neutral oil. 

6 Monel metal: Soluble oil, sulphurized mineral oil. 

7 Steel, ordinary: Soluble oil, sulphurized oil, high E.P. 
value mineral oil. 

8 Steel, very hard and refractory: Soluble oil, sulphurized 
oil, turpentine. 

9 Steel, stainless: Soluble oil, sulphurized mineral oil. 

10 Wrought iron: Soluble oil, sulphurized oil, high animal- 
oil-content mineral-oil compound. 


RecuLAR REAMERS AND Basic STANDARD-HoLE SysTeM OF 
TOLERANCES 


Varying degrees of accuracy result from the use of different 
tools employed in the drilling, boring, and reaming of holes. The 
cost of obtaining the accuracy required by some kinds of work 
would be prohibitive for others. Therefore the proper tools 
for producing holes in any class of work are those best adapted to 
produce the required accuracy from the standpoint of an over-all 
economy. By an over-all economy is meant the greatest number 
of suitably finished holes that can be produced for each dollar 
paid out for tools, labor, and machine expense. 

Drilled holes are neither round, straight, nor of uniform diame- 
ter when compared with the accurate holes required by most in- 
dustries, although they may be sufficiently accurate to meet the 
requirements of holes for rough bolts, rivets, and similar classes of 
work. When a close fit is required holes are usually finished by 
reaming. When holes of extreme accuracy are required it is 
necessary to use two reamers in order to obtain the desired re- 
sults. For all such work as holes for pins, rods, or finished bolts, 
one reaming operation is sufficient, and even in many grades of 
machines the holes for journals are finished with a single machine- 
reaming operation. Before selecting a type of reamer for any 
class of work, it is advisable to study the cutting action of different 
reamers in order to select the one best adapted to each class. 

In some shops the practice is to produce round, smooth, 
straight holes, as close to the standard or exact size as possible. 
All the tolerance or allowable error is above the basic or exact 
size. In other words, the hole must be slightly oversize, not 
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undersize. This enables holes to be produced in large numbers, CLASSIFICATION AND TOLERANCES 
which are sure to make the proper fits. Many shops insist that RTE ea 
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Commercial reamers are made slightly oversize because Si 4 , 
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standard commercial “‘go”’ plug gages and will all receive finished 
shafts made to the correct sizes, with proper allowances between 


hole and shaft depending upon the class of fit wanted. Fic.30  Revatrron or MAximuM AND Minimum Pircu DIAMETERS OF 
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Many parts made by interchangeable mass-production meth- 
ods depend upon the precision and uniformity of the reamer sizes 
to maintain hole sizes which will be basic, with a very small toler- 
ance oversize. The holes are sure to be large enough and yet not bgiuaeh RENEE 
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Since 1926 the foregoing standard has been in use as a guide for yiiend = 
the correct dimensions of holes made for interchangeable manu- =: : ; 
facturing. +0025 5 : = 
This standard is based upon the same principles as the success- t ; 
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ful American Standard for Screw Threads ASA B1.1-1935. 
These are the same dimensions as published in Handbook H-28 +.0015 t 
Screw Thread Standards for Federal Services. 

In both of these standards the minimum hole is taken as the 
basic or standard size. This means that the interference point or 
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place where metal-to-metal fit occurs between hole and shaft 3 0000 
will be at this basic dimension no matter what class of fit is P } 
specified. This is illustrated in Figs. 30 and 31. aia eames | 
The advantage of the standard-hole system is that it enables - 9010 
standard basic plug gages to be carried in stock and establishes ; . == 
definite minimum hole sizes, below which the holes cannot go, ee : 
and maintains universal interchangeability. 0020 
If it is necessary to change tolerances or allowances on a given seep = 
fit, this can be done in the basic-hole system without changing the = 
“zero,” “base,” or “interference line,” as the minimum hole is left -.0030 
constant, and the maximum hole, or minimum or maximum shaft pepo sus 
sizes are changed. The standard plug gage always rejects any = = 
hole below basic size which might destroy interchangeability. Rncay. = 
It is easier to produce plug gages, blocks, and measuring rods Lise f 
to high grades of precision, for use in measuring hole members a 


than it is to produce gages for measuring shaft members. Hole 
members are best measured with fixed-size gages and also are jae Gal Yer WeaaeainG etermuGe Lum (OnnEsna on TAS 
best produced with fixed-size or solid reamers, or broaches. Shaft (American Standards Association.) 
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members are more easily measured with adjustable gages and 
also more easily produced with adjustable tools such as lathe 
tools or grinding wheels. Changes in allowances or tolerances 
for various fits can thus be more readily made on the shaft mem- 
ber than on the hole member. 

Fig. 32 shows how a standard commercial reamer would pro- 
duce holes of any class of fit desired, if the reamer were care- 
fully used so as to cut close to its exact size. Also, if properly 
sharpened and cared for, a long life of the reamer may be ob- 
tained before its lands are worn so undersize that the reamer will 
produce holes below the minimum size. 
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Another advantage of the basic-hole system of fits is that it 
allows one standard-size reamer with definite tolerances to be 
carried in stock throughout industry for the convenience of the 
customer and user. These reamers will produce universal inter- 
changeable work for any of the classes of fit. 

The fact that the reamer is accurately sharpened to size is no 
guarantee that the hole made will be as accurate as the reamer. 
The accuracy of the hole depends upon many factors, such as 
hand- or machine-reaming, machinery and fixture in good condi- 
tion or badly worn, the kind of material reamed, the kind of lub- 
ricant, and the skill and carefulness of the mechanic. 

It was to take care of this great variety of working conditions 
that different tolerances were put on the various classes of stand- 
ard holes in the report of Allowances and Tolerances of the 
American Standards Association, ASA B4a-1925. 

It was realized by the committee which wrote this report that 
the one standard-size reamer will produce holes of varying toler- 
ances depending upon the conditions of its use. Extreme ac- 
curacy and precision are usually expensive, and it is uneco- 
nomical to make a hole perfect when one not so good will serve 
the purpose just as well. Therefore the various classes of holes 
and fits were provided as a measure of economy. It was intended 
all along, however, that but one standard size of reamer would 
be necessary; careful use of this reamer would produce a Class 3 
or 4 hole; rough, rapid, or worn machine use would produce a 
Class 1 hole. 

It has sometimes been thought that large tolerances were put 
on rough holes to allow for wear on the reamer, whereas the large 
tolerances are really there to indicate that costly tooling and 
hand-finishing are not necessary when an inexpensive rapid job 
is sufficient for the purpose. 

Long wear life of the reamer will be obtained by keeping the 
point sharp and the lands in good condition rather than by using 
an oversize reamer which will produce holes that are too large. 

It has sometimes been suggested that the American Standard 
for Tolerances, Allowances, and Gages for Metal Fits should con- 
tain a basic-shaft standard as well as the present basic-hole stand- 
ard. It is believed that it would be better not to do this because 
it would imply the standardizing and carrying in stock of a dif- 
ferent minimum or basic plug gage for each class of fit for each 
nominal size of hole, Fig. 33. Also it would imply the use of a 
different-size reamer for each class of fit. These solid tools are 
difficult to produce and expensive to maintain. It is more eco- 
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(Sketch made to show that standard-hole system uses the one standard basic-size plug gage to check minimum 
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if carefully used and maintained sharp, 
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will produce these standard holes for a long period of reamer-wear life.) 


is positively maintained for any allowance 
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Standard stock reamers, 


MAX, HOLE _ ees 
MIN. HOLE —_| 
(2316 
MAX HOLE —__ ips 
MINHOLE 12500 12300 _ NOMINAL SIZE 
MAX-SHAFT- STANDARD OR 
ZERO LINE 
12466 
tz4e4 MIN SHAFT: 


MAX. SHAFT—~ | 


MINSHAFT—* 


Fic. 34 Hour Sizes ror STanparp-HoLe AND STANDARD-SHAFT 
Systems 


nomical to obtain various classes of fit by maintaining standard 
holes and varying the shaft dimensions. 

If for some particular reason it is found better to use the maxi- 
mum size of the shaft as standard, as shown in Fig. 34, the size 
of hole becomes special and special drills and reamers must be 
obtained. Special tools are always more costly than the regular 
and also require longer waits for deliveries. As there ig less use 
for a special tool, it lies in the toolroom for a longer time unused, 
and the overhead of manufacturing is increased. 

For example, in Fig. 31 a standard shaft system of fit calls for 
1.2500 as the maximum shaft size and 1.2516 as the minimum hole 
size. This can be considered the same as a basic-hole system of 
fits using a “special size’”’ 1.2516 as the basic hole. This (as all 
standard shaft fits do) requires special-size reamers. From the 
tables of allowances and tolerances the maximum and minimum 
shafts and holes are easily found for special as well as standard 
sizes. In other words, the holes of the “standard-shaft”’ system, 
are nothing but “special” holes of the standard-hole system. The 
standard shaft system is really a special, nonstandard use of 
the standard-hole system. 
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In this connection E. C. Peck (1) states: ‘I see no need what- 
ever for a basic shaft standard. The only example I have ever 
heard given is the one where two free fits are required on the ends 
of the shaft and a force or tight fit wanted in the center, and this 
has been done economically and satisfactorily for years by the 
‘basic-hole system.’ All during World War I, I saw the drawings 
for millions of interchangeable parts, and I never saw any that 
were not made to the ‘basic-hole’ system.” 

Thus the publishing of special tables for the standard shaft 
system is unnecessary, as all the values for tolerances and allow- 
ances may be taken from the Standard Hole System of tables, 
merely by basing all the fits on the minimum-size hole. 


CoNCLUSIONS 


A reamer is a cutting tool and like other cutting tools it must 
be provided with correct clearances, rakes, and other features of 
good tool design. Its cutting edges must be sharpened frequently 
to prolong the useful life of the tool and to produce accurately 
smoothly finished holes. 

The standard reamer made with, standard manufacturers’ 
tolerance is one of the most important tools used by the inter- 
changeable production manufacturers. 5 

The standard reamer is an important feature of the standard- 
hole system of allowances and tolerances for metal fits and pro- 
vides the most economical method of securing precision fits and 
universal interchangeability. 
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Utilization of Producer Gas in 


Industrial Furnaces 


By D. B. HENDRYX,! PITTSBURGH, PA. 


Producer gas is the cheapest artificial fuel per Btu that 
can be made from solid fuel. This paper discusses the 
economics, the equipment, and methods of generating 
producer gas for industrial uses. 


OST gas-producer projects look good on paper. The 
basic idea of a low-cost gaseous fuel, made from coal 


at a central point and distributed in pipes to the 
furnaces, is excellent and attractive. 

Producer gas for industrial uses only is discussed in this paper, 
as contrasted to gas manufactured for public-service distribution. 
It is made from coal or coke, and the solid fuel is completely 
transformed into gas in the process. Producer gas is the cheap- 
est artificial fuel per Btu that can be made from solid fuel. 


ComMPaRATIVE Cost oF FUELS 


The economics of the fuel situation must be considered first. 
The cost of fuels can be compared on a Btu basis, but this must 
be the total cost of heat delivered to the furnace, including fuel 
and ash handling, power, steam, depreciation, etc. In most 
industrial districts, coal is the cheapest fuel, but for various 
reasons it frequently cannot be used in furnaces in its crude form, 
either on grates or as pulverized fuel. Such considerations as 
furnace temperature and atmosphere, reversing and regeneration, 
control, delayed combustion, radiant flame, localized heating, 
freedom from ash, handling of coal and ashes, and many others 
may rule out the use of coal. 

Under such conditions, if natural gas or fuel oil is available at 
a reasonable price, or if a by-product fuel such as coke-oven or 
blast-furnace gas can be used, one would hesitate before building 
an expensive gas-producer plant, with its attendant*dirt, heat, 
and operating difficulties. If the fuel requirements do not 
amount to more than 1500 lb of coal per hr, a gas producer would 
seldom be justified; but if coal is cheap compared to other fuels, 
and if a gaseous fuel is needed, the use of producer gas will be 
worth investigation. 

Table 1 may be used for a quick comparison between the costs 
of several fuels. It shows the price that can be paid for fuel oil 
or natural gas as compared to cost of coal delivered to the gas- 
producer plant, taking into account the cost of making the pro- 
ducer gas, including depreciation, and the cost of heating and 
atomizing the oil. The cost of gasifying 1 ton of coal or coke was 
estimated at $1.75; but this figure might be higher or lower, de- 
pending upon the size of the plant, wage rates, number of men 
required for operation, and similar factors (see Table 2). This 
table does not agree at all with the comparisons made in the ad- 
vertising matter of many manufacturers, for the reason that they 
use a much lower charge for producer operation. 

The choice of fuels cannot always be made strictly on a cost 
basis. The supply of natural gas or oil may be restricted or cut 
off suddenly in the coldest winter weather, while coal will proba- 
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TABLE 1 COMPARISON OF FUEL COSTS 
——————Hot raw producer gas Fuel oil Natural gas 
Cost of pro- Equivalent 


Price of coal per 


ducer gas per Cost of pro- 
ton delv’d. 


Equivalent price per 1000 


ton coal ducer gas per price per gal, cu ft or 


27,000,000 19,200,000 1,000,000 or 145,000 1,000,000 
Btu Btu Btu Btu Btu 
$2.00 $3.75 $0.195 $0.0253 $0.195 
2.50 4.25 0.221 0.0291 0.221 
3.00 4.75 0.247 0.0328 0.247 
3.50 5.25 0.273 0.0366 0,273 
4.00 5.75 0.299 0.0404 0.299 
4.50 6.25 0.325 0.0442 0.325 
5.00 6.75 0.351 0.0480 0.351 
5.50 7.25 0.377 0.0517 0.377 
6.00 7.75 0.403 0.0555 0.403 
6.50 8.25 0.430 0.0594 0.430 
7.00 8.75 0.456 0.0632 0.456 


Cost of gasifying coal per net ton is assumed to be $1.75 (see Table 


Fe) 
Cost of producer gas per million Btu is based on: Per lb coal 
60 cu ft of gas at 60 F per Ib coal, and 
TAOMBtuperreu foe eine ede reek actor = 8400 Btu 
Sensible heat with gas delivered to furnace 
at 700 F, 60 cu ft of gas at 11 Btu per cu ft.... 660 Btu 
Tar, 60 cu ft of gas at 0.0006 lb tar per cu 
ft and 15,000 Btu per lb tar...........---++-- 540 Btu 
bd RES 4 les ee eae & Bertone. 2 ati ER SL Rae ORM pec een COR AcReee 9600 


Heat in producer gas at 700 F per ton coal, 2000 X 9600 or 19,200,- 
000 Btu. 

Price of fuel oil allows for charge of $0.003 per gal for steam, power, 
and depreciation but no charge for depreciation. If depreciation 
charge on gas-producer plant is neglected, deduct $0.0046 per gal 
from price of oil shown. 

Price of natural gas covers fuel cost only. If depreciation charge 
on gas-producer plant is neglected, deduct $0.032 per 1000 cu ft from 
price of gas shown. 


bly always be available, in spite of numerous recent threats 
against the life of one of our greatest industries. The relative 
prices of fuels do not remain constant. Since 1939, the price of 
natural gas has stayed the same in most districts, while coal has 
advanced 30 to 45 per cent, and fuel oil 50 to 100 per cent. Any of 
these conditions may make the construction of a gas-producer 
plant imperative. 

As can be seen from the cost of gasifying coal shown in Table 
2, the item of depreciation is a very appreciable part of the cost. 
But once the money for a producer plant has been spent, due to 
emergency conditions or for other reasons, the matter of depre- 
ciation can be neglected, and natural gas or oil would have to 
be about 10 per cent cheaper than indicated in Table 1, in order 
to compete with producer gas. 


SpLEcTION OF PRopucHR-Gas FUEL 


If the foregoing considerations seem to warrant the construc- 
tion of a producer plant, the next step is to decide what fuel 
will be used to make the gas. There are two distinct types of 
producer gas—that made from bituminous coal, and that made 
from anthracite or coke. Since bituminous coal in most parts 
of the country is cheaper than anthracite or coke, it follows that 
gas manufactured from it will be the cheapest gas that can be 
made. Cost alone, however, may not be the deciding factor. 

If the heat requirements of the furnaces are large, if the gas 
can be burned in the furnaces through a few ports instead of a 
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TABLE 2 GAS-PRODUCER OPERATING COSTS 
Small plant, Larger plant, 
1 8-ft producer 2 10-ft producers 
Per ' Per Per Per 
Fuel: week ton week ton 
Tons of coal gasified............... 120 on 4 400 
Tons of coal used to generate steam 
for blowing producers............ 8 ae 25 
Operating cost: 
Labor , 
Gas producer and boiler operator 
1 man 168 hr at $.80........... $134.40 $134.40 
Dust removal from dust legs 
Small plant 16 hr at $.65....... 10.40 oxic Have 
Larger plant 32 hr at $.65...... Bieta he 20.80 
Coal and ash handling at $.10 per 
TON: COB ee vir vile tee ee 12.00 Phe 40.00 
Burning out flues, once every 6 
weeks, averaging 1 man per week 
ShrsiatiSGb nese cece ee 5.20 Bes 5.20 
Repair labor 
Small plant, 1 man 4 hr at $.90.. 3.60 Eth AB, aici 
Larger plant, 1 man 8 hr at $.90. es re q2zO) Wem 
Total labor’. isticwck. omega $165.60 $1.28 $207.60 $0.52 
Power 
Small plant 1100 kwhr at $.012... 13.20 0.11 acant VO 
Larger plant 2400 kwhr at $.012.. eters tol 28.80 .07 
Repair materials, including coal ma- 
chinery, producers, auxiliaries, boil- 
ers, painting, etc., estimated aver- 
age during life of plant........... 30.00 0.25 60.00 0.15 
Boiler feedwater and producer cooling 
water, based on recirculation of 
cooling water, 190 gal per ton coal 
at $.10 per M gal)..i...c6..0.. 06h. 2.28 7.60 0.02 
Oil, grease, waste, supplies.......... 3.00 0.03 6.00 0.02 
Coal for steam, at $3.50 per ton..... 28.00 0.23 87.50 0.22 
Total cost of gasifying coal, no de- 
preciation charge.........0.:00.0% $1.92 $1.00 
Depreciation, on basis of 10 per cent 
per year on investment of the fol- 
lowing: 
Small plant, and gas mains $60,000 115.00 0.96 are ateke 
Larger plant, and gas mains 100,000 sais Sec 192.00 48 
Total, including depreciation........ $2.88 $1.48 


large number of individual burners, and if the producers can be 
located near the furnaces, the selection would favor hot raw gas 
made from bituminous coal. If less fuel is needed, or if gas must 
be distributed to a number of furnaces or individual burners 
located at some distance from the producer plant, the greater 
expense of using anthracite or coke might be warranted. 
Wherever practical, both kinds of gases are used in their hot 
raw state. 

It seems to be a current belief that a “gas coal,” with a volatile 
content above 35 per cent, is the best fuel for bituminous pro- 
ducers. It does make a rich gas, and it is usually a free-burning 
coal which does not cake badly in the producer. On the other 
hand, the gas may contain more vaporized tar which will be ob- 
jectionable unless the gas can be kept hot until it reaches the 
furnaces. The ideal producer fuel would be a 2 or 3-in. lump 
coal, with fines below */, in. screened out, having an ash-fusion 
point above 2500 F, and free-burning characteristics which pre- 
vent the top of the fuel bed from becoming a sticky mass and 
caking. In actual practice, mine-run or slack coals are often 
used at some reduction in capacity, although more dust is car- 
ried over into the mains when using fine coal. A gummy condi- 
tion at the top of the fuel bed can be overcome by keeping it at a 
higher temperature. The amount of ash in the coal does not 
make as much difference as its fusion point does, and even coal 
with low-fusion ash can be used by applying more steam in 
the blast. 

Mine-run or slack bituminous coal can be used in producers 
because the coking action at the top of the fuel bed will provide 
passages for the gas. When anthracite or coke fuel is used, the 
only openings for the flow of gas through the upper part of the 
charge will be the spaces between the particles of fuel, There- 
fore most of the dust finer than 1/, or #/, in. must be screened out. 
The term “coke breeze” can cover a multitude of sins and, be- 
fore deciding upon this as a source of gas, it must be positively 
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ascertained that the quoted price covers a fuel sufficiently free 
of fines to make it usable in a producer. Much of the finer coke is 
now used at the plants where it is made, in producers for under- 
firing the by-product ovens, and in steam boilers. 


Tue Gas-Propucer PLANT 


To take its rightful place among other fuels, producer gas 
must be made at the lowest possible cost, with the minimum 
amount of labor and operating difficulties. The gas producer is 
an important item, but it is only one part of the gas-making 
plant. The best producer cannot make gas without the proper 
operation and control, and it cannot deliver gas to the furnaces 
without a proper distribution system. There are few places 
where proper planning and anticipation of difficulties will have a 
greater effect on the success of the project than in the design of a 
producer-gas system. This is particularly true when using bitu- 
minous coal. 

It is possible to lay out a plant so that one man per shift can 
take care of either one or two producers, a boiler, and the handling 
of coal and ashes. He might have to have occasional help in 
cleaning out dust legs, or in dumping a car of coal, but on the 
other hand, if the producer is located close enough to the furnace, 
he may also serve as the furnace operator. 

Coal can be discharged from trucks or cars through a hopper, 
feeder, and bucket elevator to the coalbins. A double-roll 
crusher should be provided so that mine-run coal can be used 
even if it is planned to use sized coal. Bins above the producers 
can be large enough to carry a 2-day supply of coal, which is the 
preferable arrangement, or the feed bins can be smaller with an 
auxiliary storage silo, The equipment should be designed so that 
no hand labor is necessary except in occasional emergencies when 
coal must be reclaimed from an outdoor stock pile. Segregation 
of coarse and fine coal in the bins must be minimized. It should 
never be necessary for an operator to enter a coal-feed bin, as 
there is always a slight danger that gas may leak up into the bin 
and the man might be overcome. ; 

The operating floor of a producer plant is really the second 
floor of the building, level with the top of the producers. All 
control instruments, motor starters, steam gages, water columns, 
valves, and air blowers for the producers should be located on this 
operating floor. The boiler stack can sometimes be combined 
with the burnout stack for the gas lines. Ashes from producers 
and boilers should be discharged to a skip hoist or conveyer which 
delivers them to an overhead ash bin so that no hand labor is 
necessary. 

The lower floor of the building should be enclosed, as the pro- 
ducers do not supply enough heat to prevent freezing around the 
wet ashes, floors, and conveyers. Floors and pits should be 
drained so that a hose can be used for cleaning. The operating 
floor must be well ventilated and should have large doors which 
can be left open in summer and closed in cold weather. Louvers 
are usually used in the side walls just underneath the coalbins 
so that no gas can accumulate in the building. Oxygen appara- 
tus should be available in case a man is overcome with gas, al- 
though this would never happen under normal operating condi- 
tions. Water-cooled poker tips have to be built up by welding 
every few weeks, and chain-hoist equipment must be provided 
for handling them. 

Approximately 100 gal of water per ton of coal must be con- 
verted into steam for the producer blast, in addition to any heat- 
ing or power load on the boilers, and 200 gal per hr is needed for 
cooling the poker, top, and coal feeder of each producer, regardless 
of capacity. If water is scarce or expensive, the cooling water 
can be recirculated to a tank on the upper floor of the building. 
Water-cooled valves in the gas mains have been experimented - 
with but have not proved very dependable. 


HENDRYX—UTILIZATION OF PRODUCER GAS IN INDUSTRIAL FURNACES 


Birumrinovus-T yer Gas Propucer 


Gas has been made for years with little improvement in the 
producing and control equipment, auxiliaries, and operating pro- 
cedure. Stationary and revolving hand-poked producers gave 
way to mechanical types, but even today possibly 75 per cent of 
the producer systems in service have gas-making equipment 
which requires sledging of clinkers and much hard labor, de- 
livering a gas which varies in heat value and temperature. The 
old distribution mains are even worse, requiring much labor and 
weekly burnouts. These things have given producer gas made 
from bituminous coal a poor reputation in industry, even though 
the facilities are now available for dependable operation. 

The modern bituminous gas producer is a revolving vertical 
steel cylinder lined with refractory brick, with a stationary water- 
cooled top through which coal is fed, gas is removed, and pokers 
are operated. The bottom is sealed by a revolving water-sealed 
ash pan, which encloses the air-blast hood and plows for continu- 
ously removing the ashes. The air blast is usually furnished by 
a steam-driven turboblower, at a pressure of about 10 in. of water, 
and gas leaves the producer at a temperature of 1250 to 1500 F, 
and a pressure up to | in. of water. 

The producer manufacturers have done a fine job in developing 
machines which will make good gas with almost no interruptions 
when operated in a proper manner. They claim, however, with a 
great deal of justification, that it is almost impossible to get the 
users to spend the money for the correct flue system and control 
equipment needed to make the operation clean, dependable, 
and free from hard labor. The manufacturers have developed a 
simple rugged machine requiring almost no repairs. They have 
designed a center blast hood to give proper distribution of air 
without the use of tuyéres in the outer walls. They have removed 
the arms which formerly obstructed the flow of ashes, and have 
provided for continuous ash removal, both of which help to main- 
tain an even fuel bed and to prevent the loss of carbon in the ash. 
They have equalized the flow of air through the bed of hot coke 
by providing a means for stopping the rotation of the ash pan 
automatically for a few seconds at a time, while the upper part 
of the producer continues to revolve. This causes a grinding ac~ 
tion in the fuel bed which reduces blowholes and unequal flow 
_of gas. Coal feeders now give excellent distribution and control of 
feeding rate without leakage of gas. The motion of the water- 
cooled pokers has been changed to give more frequent and 
thorough agitation of the upper part of the fuel bed without plas- 
tering the hot sticky ash against the walls of the producer. Both 
the poking and grinding actions are necessary to break up the 
caking of the coal in the fuel bed, and to prevent channels and 

_plowholes which cause hot spots in the fuel bed and to permit 
the gas to burn to CO in the producer. 


AUXILIARY AND ConTROL EQuIPMENT 


The operation of a producer must be kept constant, in the face 
of continually changing demands for gas, and many variations in 
fuel and fire bed. This is almost impossible under strictly manual 
operation. 

Gas is made by blowing a mixture of steam and air through a 
deep bed of incandescent carbon. If air alone were used, the 
fuel bed would become very hot, resulting in clinker trouble in 
the producer and a very lean gas. 

The fire bed of the producer contains four zones as follows: 

1 The ash bed at the bottom, which protects the blast hood 
from the heat and aids in distributing air from the hood to the 


y fuel bed. 

2 The oxidation zone, where the only reaction is the almost 
complete combustion of carbon to CO., with the liberation of 
14,550 Btu per lb of carbon. This zone is only about 6 in. thick 
and is the hottest zone in the producer. 
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3 The reduction zone above the oxidation zone, where the 
CO, is reduced to CO by the hot carbon, with a corresponding 
endothermic reaction of 5850 Btu per pound of carbon, and the 
steam reacts with the carbon to form hydrogen, CO and COz2, 
further reducing the temperature of the fuel bed. 

4 The distillation zone at the top where the volatile matter 
in the coal is distilled off and moisture is evaporated. 


The fuel requires 2 hr or more to pass through these reactions, 
but the air, steam, and gas are in contact with the fuel for little 
more than 1 sec in a bituminous producer, and for possibly 3 sec 
in the coke type. It is therefore exceedingly important that the 
various zones are held constant in thickness, ‘‘porosity,” and tem- 
perature, and it is evident that this can only be done with equip- 
ment that has been carefully developed for the purpose, with 
controls made as automatic as possible, and with intelligent 
operation. When the load varies, these factors become increas- 
ingly important. Variations in fineness or caking qualities of the 
coal, and in the fusion point of the ash, affect the operation. 

Air must be delivered to the blast hood in a manner which can 
be automatically controlled by the demand for gas, in spite of 
variations in the resistance of the fuel bed. Older producers 
usually were equipped with steam-jet blowers, but the need for 
fan-type blowers is now almost universally recognized, and many 
old producers have been equipped with modern blast equipment. 
When used on bituminous producers, the blowers are directly 
connected to small variable-speed steam turbines, and the exhaust 
steam is connected into the air blast. On coke and anthracite 
producers, the steam pressure from the water-jacketed shell is 
not high enough to operate a turbine, and the blower is therefore 
driven by electric power. 

In most plants, particularly where the gas demand is not con- 
stant, the volume of the air blast is controlled by a pressure regu- 
lator connected to the gas main. The pressure in the main is 
usually between 0.2 and 1 in. of water. If the furnace operator 
turns on more gas, the pressure in the main immediately drops 
and the regulator feeds more steam to the turbine. The small 
pipe between the gas main and the regulator is kept free from 
tar and dust by blowing a very small amount of air through it into 
the main. Variations in resistance of the fuel bed will not affect 
the accuracy of the control, and the operator can adjust his regu- 
lator to allow for the pressure needed in the gas mains. When 
used with a motor-driven blower, the regulator adjusts a damper 
in the air line. 

The volume of gas leaving a producer cannot be measured, 
due to the tar and dust, but the amount of air blown to the pro- 
ducer can be indicated and this is a measure of the gas delivered. 


_ All producers should be equipped with an orifice plate in the air- 


blast line, with an indicating or recording differential gage on the 
instrument panel to show the operator how much air is being 
fed to each producer. The operator will then know when the 
furnaces are using more gas, and he can regulate his coal feed and 
make other adjustments accordingly. He will also know whether 
each producer is carrying its share of the load. This indication 
of air volume is used on very few producers, but all operators who 
have tried it report that it is one of the most valuable instru- 
ments in the plant. 

Where a producer plant is operating in connection with a single 
furnace, and both the producer and the furnace are under the 
control of one man, automatic regulation can be obtained by 
means of volume instead of pressure. The furnace operator will 
adjust the volume-control instrument to give enough gas for the 
furnace, and this instrument will then automatically control 
the speed of the turbine so that a constant volume of air is fed to the 
producer, regardless of the resistance against which this air must 
be delivered. This method has the advantage that the producer 


880 


will deliver the required amount of gas, regardless of obstructions 
in the line between the producer and the furnace. 

The amount of steam in the air blast is one of the most impor- 
tant factors in producer operation. In the reduction zone in the 
producer, the COz is reduced to CO by contact with hot carbon, 
with a consequent absorption of heat amounting to 5850 Btu per 
lb of carbon. The hotter the fuel bed, the more rapid and com- 
plete will be this reaction, resulting in less CO: and more CO in 
the gas produced. The high temperature also results in more 
active action between the carbon and the steam. However, 
the temperature which can be maintained is limited by the fusing 
temperature of the ash, so enough steam must be introduced to 
lower the temperature of the reduction zone to a safe point, by 
combining with the hot carbon to form H», CO, and some CO>. 

When the old steam-jet blowers were used, the proportion 
of steam to air could not be accurately controlled and too much 
steam was usually put into the producers. When a turbine- or 
motor-driven blower is used, the amount of steam is adjusted 
by observing the temperature of the mixture of air and steam. 
This is usually at some point between 130 and 150 F. When the 
correct figure has once been determined for a certain coal, it is 
not difficult for a producer operator to maintain this so-called 
“saturation temperature.’ The exhaust steam from the turbine 
is discharged into the air blast, and some live steam is usually 
added. When more air is needed the turbine is speeded up, 
automatically adding more steam to the blast. Automatic tem- 
perature control of the blast is often furnished but is not abso- 
lutely needed when turbines are used. It is necessary when blow- 
ers are motor-driven. 

Fig. 1 shows the blast temperatures corresponding to various 
inlet-air temperatures and pounds of steam per pound of coal. 
Fig. 2 shows results of tests reported by W. P. Chandler of Car- 
negie-Illinois Steel Corporation indicating the increase in the 
quality of the gas when the proportion of steam in the blast was 
decreased. In practice, however, it is usually dollar efficiency 
rather than thermal efficiency which counts, and as coals with 
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high ash-fusion temperatures are rarely available, we choose more 
steam and a poorer gas rather than a job of sledging clinkers out 
of the producers. 

Producer gas is a very “lean” gas, due to the high percentage 
of inert nitrogen introduced with the oxygen in the blast. The 
use of steam as a reducing agent to lower the temperature of the 
fuel bed and prevent the formation of clinkers, actually enriches 
the gas because it adds hydrogen without increasing the amount 
of inert gases. However, fuel must be burned to generate the 
steam, and this fuel amounts to about 5 per cent of the coal gasi- 
fied. Therefore, COz is sometimes used in the blast, to lower the 
fuel-bed temperature, but this is only profitable where the COz 
content of the gases is very high, as in the exhaust gases from lime 
kilns. Proper control of the percentage of CO: added to the blast 
is quite difficult. 

High fuel-bed temperatures do not necessarily mean high gas 
temperatures leaving the producers. Gas temperatures usually 
run between 1250 and 1500 F, but may be as high as 1800 to 1900 
F when used in kilns for burning limestone, where producers are 
usually located very close to the kilns. 

All automatic producers have an adjustable mechanical coal 
feed. Practicaily all of these are adjusted by hand. There is a 
recording thermocouple in the gas stream leaving the producer, 
and the operator adjusts the coal feed to maintain a reasonably 
constant gas temperature. If more air is blown through the pro- 
ducer, the top of the fuel bed soon increases in temperature, and 
the operator feeds more coal to prevent the gas from getting too 
hot. If the operator is provided with an orifice meter on the air 
blast, he knows when more gas is being generated without waiting 
for the temperature to increase, and he can regulate his coal feed 
accordingly. Automatic regulation of coal feed is now being 
applied, using the temperature of the gas leaving the producer 
to regulate the rate of feed. This is very successful, as it re- 


TABLE 3 PRODUCER-GAS DATA 


Bituminous Anthracite Coke 
Fuel used in producer coal coal breeze 
Fuel gasified, lb per sq ft per hr.... 30-70 15-30 15-30 


Volume of gas at 60 F, cu ft per lb coal... 


60 65 68 . 
Temperature of gas leaving producer, deg F_ 1250-1500 550-650 550-650 


Lower or net heating values, Btu: 


Coal or coke used, per lb....-........- 13500 12500 12000 
Steam 0.4 lb per lb fuel............... 450 (450) (450) 
(Anthracite and coke producers make \ 
own steam) 
Heat input to producer, per lb fuel, Btu 13950 12500 12000 
Raw producer gas, per cu ft at 60 F.... 140 130 120 
Sensible heat of gas leaving producer per 
(LU Pernt ees eeune ep Sinmun an Sons ts 23 10 10 
Tar in hot gas leaving producer, 0.0006 
lb tar per cu ft gas at 15,000 Btu..... 9 75 te 
Heat output from producer, per cu ft, aa 
Btw aeiitin es taaiee are Sain ares 172 140 130 
Heat output from producer, per lb fuel, 
IS ee CHB Maa ue eee caso Ae Go ara ted 10320 9100 8840 
Efficiency of producer, not including losses 
in boileror:gaslines. 724.5 «2» steest alee 73.9 72.7 73.6 
Typical analysis of gas, per cent: 
COW. Tate Seccede ope hans. er eeuoreane tetakrenena ls 22.5 24.8 26.0 
1s COR Re ene a Mee ian eee end op 12.5 15.0 11.0 
Hydrocarbons..... 3.1 Q.9 0.7 
Oar atid Side Ged et PROMISE. < be Pook eee 7.4 9.0 7.6 
Noisysrireietve cent eloteas ateteochs selec giereia) axaie vedere 54.5 50.3 54.7 
7 100.0 100.0 100.0 
Air for perfect combustion, cu ft per cu ft 
QOS vce Favela tee reer eral Ran Ushi 1.04 0.95 
Additional air for combustion of 0.0006 lb 
tar per cu ft of bituminous gas......... 0.11 
1.28 
Products of perfect combustion, cu ft per cu 
Sth eis Min het erat aetna te erecta ee serene Mane alayrare 2.14 1.83 1.76 
Weight of producer gas, lb per cu ft...... 0.069 0.066 0.069 
Weight of air for perfect combustion, lb per 
CUPL COL 2ASa eee re tke eer ss aeons dee roe 0.098 0.080 0.073 
Weight of products of perfect combustion 
lb per cu ft of producer gas...........- 0.167 0.146 0.142 
Theoretical flame temperature, based upon : 
gas at GO%E,, deg BY ve .ceion aie recenalnats 3170 3000 
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= 
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duces the work of the operator and improves the quality of 
the gas. 

Table 3 gives general information on the different types of 
producer gas and is useful in the design of distribution systems, 
burners, and furnaces, and in the comparison of this gas with 
other fuel. 


DistRIBUTION SysTEM For BiruMINoUS PRopUCER Gas 


Raw gas made from bituminous coal is a hot dirty fuel to 
handle. It contains dust from the fine coal falling into the pro- 
ducer and soot from the cracking of the hydrocarbons. When 
using slack coal, the dust carried over into the mains may amount 
to 5 per cent of the weight of the coal. This will fill up a round 
pipe so rapidly that the flue would have to be cleaned or “burned 
out” once a week, shutting down the furnaces and producers dur- 
ing the operation. 

This gas also contains tar vapors which will condense as the gas 
cools, gumming up valves and burners, seeping out of cleanout 
doors, and mixing with the dust to form a cokelike substance. 
It has a temperature of 1250 to 1500 F, when it leaves the pro- 
ducer, and therefore has nearly twice the volume of gas made 
from coke or anthracite and 18 times the volume of natural gas 
for the same Btu value. Consequently, mains and valves are 
large and costly. As a result, bituminous gas has been most 
frequently applied to large furnaces located near the producer 
plant and more rarely used where the gas must be distributed for 
greater distances and to a large number of burners. 

Having outlined the causes of the difficulties encountered in 
the distribution of hot raw bituminous gas, the next step is to 
see what can be done to overcome them. In the case of old gas 
mains already in use, only a little improvement is possible without 
extensive alterations. Where a new distribution system is to be 
installed, it is entirely possible to increase the length of time be- 
tween “burnouts” to 2 months, or even to a year, at the same 
time conserving the sensible heat of the gas and smoothing out 
the furnace operation. 

Gas mains can be built without any horizontal bottom surfaces 
on which dust can accumulate. They can be constructed with a 
gaw-tooth bottom, with provision for removing the dust at all 
of the low points. Dust will sometimes accumulate on the slopes 
but small openings can be provided for steam lances in the top 
of the pipe, so that the dust can be blown down into the pockets 
at the bottom. However, this is a hot and dirty job, and a better 
scheme is to install soot blowers at every point in the mains where 
dust can settle, with legs or pockets having double seals through 
which the dust can be removed while gas is flowing. These 
blowers can be standard boiler soot blowers, which will withstand 
the gas temperatures quite well, but are not entirely resistant to 
the higher burnout temperatures. On the other hand, if burnouts 
can be greatly reduced or eliminated by the soot blowers, the soot 
blowers will not be damaged by the burnouts. 

The removal of the dust from the pockets is also a disagreeable 
job, particularly if it must be handled in wheelbarrows. This 
dust could be sluiced into a stream of water, but this is rarely 
available. A steam-ejector vacuum system is being used to re- 
move the dust and deliver it in a dampened condition into the ash 
bin. This dust contains about 75 per cent carbon and 25 per 
cent ash and is “red hot’? when removed from the mains. 

To prevent trouble with the tar, the gas temperature must be 
kept high enough so that the vapors will not condense, or else 
the gas must be cooled and washed. Insulation of new gas lines 
is now relatively simple since insulating refractory brick can be 
used for the complete lining of the mains, and gas can be delivered 
100 ft from the producer plant with a temperature loss of not 
more than 300 deg F, including dust catchers and mains. Wash- 
ing of bituminous gas has been tried on numerous installations in 


the past, and there is at least one successful plant in operation 
today. However, it involves the use of expensive equipment and 
the loss of sensible heat amounting to 6 to 12 per cent of the total 
Btu content of the hot gas as well as the loss of the tar. Either 
the tar must be wasted, or costly recovery and handling equip- 
ment must be installed. 


Propucers AND DisTRIBUTION SysTEMs FOR ANTHRACITE AND 
CoxE Gas 


Gas made from coke or anthracite, while higher in first cost, is 
cooler, cleaner, and easier to handle, and may be washed if neces- 
sary with less difficulty and loss of heat. It is comparatively free 
from dust as it leaves the producer because anthracite producers 
gasify only one half as much fuel as do the bituminous type, and 
because the fuel used contains less fines and almost no hydro- 
carbons, and flows directly from distributing pipes onto the top 
of the fuel bed instead of dropping through a stream of moving 
gases. It is entirely free from tar and has a temperature of about 
600 F, making it possible to deliver it through steel pipe lines of 
smaller size, with insulation on the outside of the pipe. No time 
need be lost in burning out the mains. Higher pressures and velo- 
cities can be used and a booster blower can even be connected to 
increase the pressure of the gas after it leaves the producers. 
In the past this gas has usually been washed, but in recent in- 
stallations the velocity has been increased by the use of bowers 
to the point where dust will not settle out, and gases are dis- 
tributed in the hot raw condition. Standard valves, fittings, and 
burners can be used, and the burners require much less attention 
from the furnace operators. 

The producers used for coke and anthracite are quite different 
from bituminous producers, mainly because these fuels do not con- 
tain tar and hydrocarbons. Therefore the fuel bed does not 
cake to any great extent and no mechanical poker is needed. 
The bed can be 5 ft deep instead of about 2.5 ft, resulting in cooler 
gas. The construction is very much simpler than in the bitu- 
minous machine, since the shell is stationary, while only the 
bottom revolves. The blast hood is large and is usually eccentric 
in shape, so that it grinds the ashes and agitates the fuel bed as it 
revolves. In some producers it is attached to the revolving ash 
pan in which case a deep water seal is used and the blast pres- 
sure is limited to approximately 20 in. of water. In others, the 
revolving blast hood supports the fuel bed, and ashes are dis- 
charged through the hood into a stationary hopper below. These 
producers can be operated with a blast pressure of several pounds, 
since no water seal is used. Coal feeders are either stationary or 
revolving. The producer shell is water-jacketed instead of being 
lined with brick and generates enough steam to mix with the air 
blast. 


REFRACTORIES 


The refractory-brick lining of a bituminous producer is subjected 
to continuous abrasion from the passage of fuel and ashes, and to 
occasional destruction from the formation of clinkers and the 
necessity of breaking them loose from the walls with heavy bars. 
The temperature of the lining usually is not excessive, but hot 
spots sometimes develop, due to channeling of the fires. A dense, 
strong, high-heat-duty brick is required to resist these conditions. 
The lining can be either 4!/; in. or 6 in. thick, backed up with 2*/2 
in. of strong insulation next to the shell. A high-temperature 
cold-setting refractory mortar should be used, and all joints 
should be kept as tight as possible. When using coal having a 
very low ash-fusion temperature a few courses of silicon-carbide 
brick are sometimes used at the clinker line. 

Mains for carrying hot raw bituminous gas do not exceed 1400 
F except during burnouts. Steam jets and lances must be used 
to stir up the dust. Formerly, mains were lined with 41/2 in. of 
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fireclay brick, sometimes surrounded with insulation. The de- 
velopment of lightweight refractory brick which will withstand 
these conditions has greatly simplified the construction of these 
mains. The entire 9-in. lining can be built of 2600-deg insulating 
refractories, or lower-temperature insulating brick can be used 
in the outer 4!/.-in. portion. This brick is somewhat lower in 
cost and higher in insulating value. Flue linings usually involve 
a great deal of complicated brickwork and the use of insulating 
refractories which can be easily cut, sawed, ground, or rubbed 
into any desired shape greatly reduces the bricklaying labor cost. 
A cold-setting mortar should be used, with expansion joints about 
every 20 ft. No fireclay brick need be used except in the connec- 
tion from the producer to the dust catcher, and for construction 
of the valve seats. Cast-iron seats are now seldom used. 


FURNACES AND BURNERS 


Producer gas is not only a cheap fuel, but is admirably adapted 
to many heating operations, particularly where a soft luminous 
flame is desired. As can be seen from Table 3, it has a theoretical 
flame temperature of about.3100 F, as compared to 3700 F, for 
natural gas and 3800 F for oil. This makes it especially suited to 
steel reheating, where the entire furnace must be filled with a 
hazy slightly reducing flame and “hot spots” must be avoided. 
The same characteristics, at slightly higher temperatures, make 
it suitable for burning refractory brick. A glass tank can be 
completely filled with a luminous flame having the high radiation 
characteristics so desirable for heating this transparent molten 
bath. With producer gas, it is easy to get delayed combustion, 
even when using highly preheated air, an operation that is very 
difficult when using natural gas or oil. 

Bituminous producer gas is used for firing vertical-shaft lime 
kilns and also rotary kilns for lime and other products where 
freedom from ash deposits is necessary. Freedom from ash 
makes it suitable for firing many ceramic products, where both 
bituminous and coke or anthracite gas are being used. 

In many of these furnaces, the fuel requirements are large, 
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and the gas and air are merely admitted through ports in the 
furnace walls. The air is usually preheated by regeneration or 
other means, and this preheating becomes very necessary when 
high temperatures must be reached. It is sometimes claimed 
that there is no object in keeping the gas hot between the pro- 
ducers and the furnaces, as this may reduce the furnace efficiency 
because the exhaust gases will not be cooled in the gas regenera- 
tors. Intermittent steam jets can be used if necessary in order 
to keep soot from building up on the reversing valves and burner 
ports. 

Where a number of smaller burners have to be used, bitumi- 
nous gas is usually fired through a cast-iron burner with a fireclay 
burner block. The gas flow is controlled by a slide or inverted- 
cone valve, which has to be opened and closed about once an hour 
to keep it clean. The air, preferably preheated, often acts as an 
injector to draw the gas into the burner block. A very short 
oxidizing flame can be obtained by using enough air and moving 
the air pipe away from the block. A reducing or delayed com- 
bustion flame is produced by using less air and moving the pipe 
closer to the throat of the burner. These burners must be thor- 
oughly cleaned about once every 24 hr and large cleanout doors 
must be provided. Since the gas going to each burner cannot be 
measured, it is advisable to have an orifice and an indicating dif- 
ferential gage in each air line. The air can then be set for any 
desired quantity, and the gas adjusted to give the required tem- 
perature and flame quality. 

Producer gas made from anthracite or coke, either washed or 
in the hot raw condition, can be burned in standard gas burners 
large enough to allow for the low Btu value of the gas, or it can 
be regenerated and burned in ports. It is particularly suited to 
plants where the burners are widely scattered, as in smaller 
heating furnaces, and in the underfiring of coke ovens. 

Everything considered, producer gas made from bituminous 
coal, anthracite, or coke can be a very desirable fuel if proper 
consideration is given to the economic, engineering, and operating 
factors which so materially affect the success of the project. 


Pulsation and Its Effect on Flowmeters 


By E. J. LINDAHL,? COLUMBUS, OHIO 


Flowmeter readings are apt to be seriously in error if 
the fluid flowing through the meter is subjected to rapid 
recurring variations in velocity or pressure or both. Flow 
having these variations is thought of as being “pulsating 
flow.” Much thought has been given to pulsating flow or 
pulsation and much has been written about it. It is the 
intention of this paper to bring together some of the results 
which have been published. 


CausEs AND EFFECTS OF PULSATION 


TEADY flow of a medium exists when the mass rate of flow 
S through a device is constant, when the velocity, pressure, 
and temperature at any point remain constant, and when 
thermal equilibrium has been reached by the device through 
which the medium is flowing. In the case of unsteady flow, 
one or more of the conditions mentioned does not exist. Pul- 
sating flow can exist when rapid velocity or pressure variations 
occur and is seen to be a special case of unsteady flow. 

The causes of pulsation are numerous. One of the chief 
sources of pulsation in gas pipe lines is the reciprocating com- 
pressor. Another source is water surging back and forth in a low 
portion of a pipe line. Air enters the intake manifold of an inter- 
nal-combustion engine having pulsation due to the pumping ac- 
tion of the engine pistons. Clattering check valves and un- 
damped diaphragm regulators in a line are also offenders. Steam 
flowing to a reciprocating engine has pulsating flow. Any device 
that causes intermittent flows or pressures is a source of pulsation, 
since pulsations take place as a result of recurring rapid varia- 
tions in either velocity or pressure. 

One device which is greatly affected by pulsation and which 
concerns engineers is the inferential meter. While it is true that 
there are some pulsations which have no effect on the meter 
reading, there are other pulsations which render the meter read- 
ing invalid. Since the measurements which involve large 
quantities are made with flowmeters, it is extremely important 
from a dollars and cents standpoint that these meters read ac- 
curately. As a result, a great deal of time and money have been 
spent by concerns in the gas industry to determine means for 
reducing the errors in meter readings resulting from pulsation. 
This paper will deal chiefly with the effect of pulsation on meters. 
In passing, it might be said that at the present time very little 
study has been made to determine errors in the measurement of 
liquids having pulsating flow. 

It is now generally accepted that any inferential-head meter 
will measure correctly if the secondary device will measure ac- 
curately the differential pressure across the primary element, 
and if the average of the square roots of the instantaneous read- 
ings can be determined. In the case of steady flow these opera- 
tions are comparatively simple, but when the flow is at all un- 
steady this is not true. 


1 Thesis submitted to the Department of Mechanical Engineering 
and the Committee on Graduate Study and Research at the Univer- 
sity of Wyoming in partial fulfillment of the requirements for the 
degree of Mechanical Engineer. Laramie, Wyoming, 1946. 

2 Assistant Professor of Mechanical Engineering, The Ohio State 
University. Mem. A.S.M.E 

Contributed by the Research Committee on Fluid Meters and 
presented at the Semi-Annual Meeting, Detroit, Mich., June 17-20, 
1946, of Tae AMERICAN SociETy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those of 
the Society. 


If the differential is irregular as a result of rapid variations in 
velocity or pressure the meter is inaccurate because of the fact 
that most secondary devices are too sluggish to follow the actual 
changes in differential pressure caused by rapidly changing flow. 
Furthermore, the differential pressure, indicated by the second- 
ary device, is an approximate average of the maximum and mini- 
mum differential pressures. When the square root of this aver- 
age is taken, the resulting value is higher than the average of the 
square roots of the instantaneous differentials, and the flow as 
determined from the meter will be too high. 

This can be illustrated by assuming that the flow through a 
meter varies in a manner such that the differential is, for ex- 
ample, 49 in. during one second and 25 in. the next second. The 
average rate of flow over this period is proportional to 
(49)'/2 + (25)¥? 

2 
the rate of flow as registered by the meter is proportional to 
(37)'/ or 6.083. The error due to pulsation is (6.083 — 6.000) 
/6.000 or 1.4 per cent. 

According to most investigators the error is always positive, 
but cases of negative error have been found which have been 
attributed by some engineers to pulsation. The magnitude 
of the error may be up in the hundreds of per cent. 


or 6; if the average meter differential is 37, 


MATHEMATICAL ANALYSIS OF PULSATION ERROR 


In order to show how pulsation acts to give erroneous meter 
readings a mathematical analysis of three types of waves will be 
made. It must be kept in mind that the method of calculating 
the error due to pulsation is only theoretical and no attempt 
should be made to apply it in a practical case. It will, however, 
indicate why pulsation error exists. 

Three wave forms, i.e., the rectangular, the sine, and the 
triangular, will be analyzed. Two assumptions in regard to 
meter behavior are made in these analyses: (a) it is assumed that 
the pulsations occur with such rapidity that the portion of the 
meter upon which the differential is impressed cannot follow 
the rapidly fluctuating differential pressures; and (5) it is assumed 
that the wave is symmetrical and that the meter gives a reading 
which is the mean between the upper and lower limits of the 
pulsation wave. 

The sine wave would result if a single-cylinder compressor 
had the connecting rod replaced by a Scotch yoke, as shown in 
Fig. 1(a), since the piston would have simple harmonic motion 
and the wave displacement assumed to follow the motion of the 
piston. The wave would then be as shown in Fig. 1(6), with p as 
the maximum displacement of the pulsation wave and with the 
angular displacement of the crankpin through one revolution 
plotted as the abscissa. 

The rectangular wave form will be first discussed in detail, 
since its analysis presents less of a problem than the other two. 

The differentials encountered are illustrated in Fig. 2(a) and 
apply to one revolution of the crank of a compressor. The phase 
angle of the crank is plotted as the abscissa and the instantaneous 
differential as the ordinate. The meter reading (indicated by h) 
is taken halfway between the maximum differential (h + p) due 
to the pulsation and (hk — p) the minimum differential, p being the 
distance between the instantaneous differential and the meter» 
reading. The instantaneous value of the true differential is 
indicated by H. If K is used to designate all of the constants, 
such as (2g)/2, velocity of approach factor, etc., then Qm, the 
flow as indicated by the meter, is equal to Kh'/?. If, instead of 
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(b) 


Fie. 1 GENERATION or PULSATION WAVE 
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“plotting the instantaneous differential, the instantaneous flow is 
plotted, the result is as shown in Fig. 2(b). If the area under the 
curve is taken for one cycle (angular displacement 0 to 2), and 
the area is divided by the length of the cycle, there results the 
average ordinate which is the average rate of flow and 


_K@h@tptrt Kh—p) ee 
ic Qa 


Qa 
or 
K 1 iz 
Q. = 5 Ih + p)'/? + (h— p)'”?) 


Then the ratio of the flow as determined by the meter to the 
actual rate of flow is 


Oni Kh’? 

Oe Fat mht hy") 
: 

Q,. ont: 


Q. +p? + (h—p)? 


Sine Wave. As has been pointed out, a sine wave as shown in 
Fig. 3(a) will result theoretically if the connecting rod of a single- 
cylinder compressor is replaced by a Scotch yoke. Any distance 
H from the datum to the wave represents an instantaneous value 
of the true differential which for this particular wave form is 
(h + p sin 6), while the distance h to the horizontal dashed line 
represents the differential as indicated by the meter. IGP IR 
again assumed to be the meter constant, the rate of flow as indi- 
cated by the meter is again Q,, = Kh/2, and the instantaneous 
true rate of flow is 


Q; = K(H)'/* or Q; = K (h + psin 0)? 


If the instantaneous true rates of flow are plotted the result is 
Fig. 3(b). In order to obtain the true average rate of flow it will 
again be necessary to determine the area under one cycle of the 
curve and divide this area by the length of one cycle. The flow 
which takes place while the crank turns through the angle dé 
is 


K (h + psin 6)'/? do 


and the total flow from one revolution of the crank is 
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‘ig he (h + p sin 6)'/2 de 
The average flow over this cycle then is 


20 


K 
(h + p sin 6)'/? do 


Qa a oe 0 

If it is desired to find the actual discharge for pulsating flow 
from the foregoing equation, the equation must, of course, be 
integrated. This is done after the portion (h + p sin 6)'/? has 
been expanded by the binomial theorem. The binomial 
theorem in terms of symbols for five terms is 


—1 
(a + db)” = a® + na™*b + MD gortys 
" n(n — 1)(n— 2) ths a n(n 1) (n — 2) (n 2) 
3! 4! 
Then 
3 p sin 6 1 , 
(h + p sin g/t = he? + aye t O ane sin? @ 
3 . 15 4 A p sin 6 
8 C7 ae te | MA e/a all pease 
LEE os emer) a di | sacs, 
p?sin?@ pssin?@ 15 p*sintd 
8h? 16h3 384h! 


and 
ne a ‘er psing — p?sin?é . p* sin’ 6 
© Qa 0 2h 8h? 16h? 
15 p4 sin‘ 6 
384h4 
or 
Kii/? Qa p ‘Qa p Qa 
2 do 5 in 6d@ — — in? 6d: 
Q, a bE + ow fs sin an So sin? 6d6 
2a ‘2a 
ps ie 15 pt 
ede — — — 4 
+ a sin 384 ht Jo sin‘ 6d6 
Since 
fas =@6@-+¢c 
fsin 6d@ = —coséd+c 
: 1 : 1 
sin? g6d@ = —-cos@sinod+-8@+¢ 
2 2 
: 1 : 2 
sin’ ¢d9 = — I cosé +e 
and 


—sin? 6 cos 0 3 1 1 
in4 6d@ Sy ee = ——a 6 } = 
fo = 4 Al 5 8 nd + ba) +e 


then the expression for discharge, when integrated is 


Kh'/2 p p? 1 1 
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i led urea 
ri 3 °° sin 5 , 
Since sin 2r = 0, sin 0 = 0, cos 2x = 1, and cos 0 = 1 when the 


limits have been substituted in the foregoing equation, the result 
is 
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Then the ratio of the rate of flow as indicated by the meter to 
the actual rate of flow when the pulsation is in the form of a sine 
wave, is 
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It will be observed that if the amplitude of the pulsation p is 
zero, the flow as indicated by the meter is equal to the true rate 
of flow. Ifthe meter differential and the amplitude of the pulsa- 
tion are known the ratio of the two can be found and the per- 
centage of error in the meter reading determined from the expres- 
Qn — Qs hich is equal to 2" 1. 

Q Q 
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Triangular Wave Form. To take another hypothetical case, 
assume the wave form to be triangular as shown in Fig. 4(a). 
The reading of the meter is, as before, K(h)'/2, The value of the 
instantaneous differential H in each case is as follows 


20 
From 0 to—: fae ta 
2 T 


T 


3 8 
5 tat: a= 0+ 20(1—2) 


T 


6 
S x to Qn: H= 1—29(2—2) 


When the instantaneous rate of flow is plotted the curve takes 
the form as indicated in Fig. 4(b) and the rate of flow is as noted 
in the figure. 
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Tue THEory oF PULSATION 


Numerous articles dealing with pulsation and the effects of 
pulsating flow have appeared in technical literature from 
time to time. Most of them deal with the inaccuracy of meters 
handling fluids subject to pulsation. 

Among the first references is one by William Mayo Venable 
(1)8 in 1905, which stated that piezometer tubes used in meas- 
uring the static head on centrifugal pumps gave values that 
were abnormally high. He attributed the error to pulsation 
caused by the limited number of vanes or blades in the pump 
runner. 


3 Numbers in parentheses refer to the Bibliography at the end 
of the paper. : 
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In the 1914-1915 Proceedings of The Institution of Civil Engi- 
neers Prof. A. H. Gibson (2) pointed out that ‘‘most devices for 
measuring fluid motion do not record the true mean of a pul- 
sating flow and that the error increases,”’ and that “fluctuations 
in velocity (are) accompanied by fluctuations in pressure.” 

In 1916 three interesting and significant articles appeared 
pointing out the inaccuracy of meters when measuring fluids 
having pulsating flow. One by Allen Hazen (3) indicated that 
wide and sudden variations in flow cause errors in the head pro- 

, duced by a Venturi meter and that elastic pipe and too-small 
air chambers when used with reciprocating pumps cause these 
errors. Another by E. G. Bailey (4) stated that steam flowing to 
a reciprocating engine is erroneously measured by a flowmeter 
because of velocity and pressure variations. F. P. Fisher (5) 
attributed to pulsation the discrepancy in meter readings when 
the meters were placed some distance apart in a pipe line from 
a compressor. 

In 1922 the results of an investigation by Judd and Pheley 
(6) appeared in a bulletin published by The Ohio State Univer- 
sity Experiment Station. This was the first real attempt to 
determine the nature of pulsation and to study methods of 
eliminating pulsation itself and the detrimental effects of pulsa- 
tion. The conclusions drawn by Judd and Pheley are still con- 
sidered sound; in fact, most of the later theorizing and investi- 
gating has been based upon the ideas originally brought out 
by them. Subsequent investigations have served to substantiate 
their conclusions. 

Their studies were made with air on Venturi meters, orifices, 
nozzles, and Pitot tubes. Among the pertinent conclusions 
which these two men drew up are the following: 

(a) Pulsations in pipe lines consist of sudden changes in 
velocity and pressure of the fluid. 

(b) Pressure changes cause the largest pulsations. 

(c) The pressure change is in the form of a wave front re- 
sembling a traveling sound wave of low velocity. 

(d) The pressure wave travels with the velocity of sound. 

(e) Velocity of pulsation is independent of the velocity of 
fluid flowing. 

(f) The effect of pulsation on a flowmeter is to increase the 
reading. The magnitude of the error is a function of frequency 
and pulsation, static pressure of the fluid, type of meter, and 
adjacent fixture in the pipe line. 

(g) Pulsation must be eliminated or reduced greatly to have 
the meter read without appreciable error. 

It was also pointed out by them and now generally believed 
that no correction factors can be applied to a meter reading to 
correct for the error caused by pulsation. In most of the cor- 
rection equations several things, such as frequency of pulsa- 
tion, the shape of the wave, the amplitude of the wave, etc., must 
be taken into account. It is also felt that errors due to rapid 
pressure change are far more severe than changes in velocity. 
The fact is that there can be errors caused by rapid pressure 
changes without the presence of changes in the rate of flow of the 
mass in the pipe line. This has been illustrated by placing a 
positive-displacement meter on a dead-ended line. The meter 
valves will clatter and the meter will register a flow if pulsation 
is present. Likewise, a reading will be indicated on a manome- 
ter across an inferential meter, such as an orifice, when placed in 
a dead-ended line if pulsation exists. 

Studies which have been made indicate that in addition to 
the primary pressure waves in the fluid between the disturbance 
and the primary element, there are also pressure waves of dif- 
ferent amplitude existing in the primary element on the side 
opposite from the disturbance; and suggest that these waves 
might be slightly out of time with the waves on the other side, 
so that the effect of pressure variation is multiplied at times. 
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Then, in addition to the primary waves, there are harmonics 
which are affected by the size and shape of the conduit on both 
sides of the primary element. The differential across the pri- 
mary element where pulsation exists is thus a complicated vary- 
ing pressure made up of many elements. This was shown by an 
electrical instrument developed by S. R. Beitler (7) in connection 
with the pulsation research sponsored by the American Gas As- 
sociation and The American Society of Mechanical Engineers. 

With the equipment as originally used it was possible to ob- 
tain a record of the pressure variations on either side of the 
primary element. However, a study of these records (along 
the line of reasoning mentioned) indicated that a knowledge of the 
differential pressure was'desirable, and a special mixing switch 
was designed which made it possible to secure a record not only 
of the inlet or outlet pulsation waves but the differential pulsa- 
tion waves as well. Fig. 5 shows some of the records taken with 
this instrument under various conditions of pulsation. 
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A study of these records will show that there is no regularity of 
pulsation waves, and no apparent relation between the shape and 
amplitude of the waves on the two sides of the primary element, 
and that the differential wave’ bears no similarity to the other 
waves. These records were made at a gas-compressor station 
where the pulsation was produced by one compressor running at 
almost constant speed. The meter was placed directly on the 
outlet of the aftercooler so that the pulsations would be as nearly 
constant as possible. Because of the fact that the waves were so 
irregular it is practically impossible to include the effect of wave 
form in an equation for correcting the rate of flow. 

If the pressure differential could be measured instantaneously, 
and if the square roots of these two pressures could be averaged, it 
is possible that a meter would indicate the rate of flow accu- 
rately. This would be true, because while the velocity through 
the primary element does not vary directly with changes in pres- 
sure waves, the energy present due to these waves will be used 
either in accelerating or decelerating the fluid passing through 
the primary element, so that the decelerations should balance the 
accelerations. The average flow will be indicated by the aver- 
age of the square roots of the instantaneous differential pres- 
sures across the primary element. 

While it is true that each meter installation presents its own 
problems and that each disturbance creates pulsations which can- 
not be analyzed, certain general conclusions in regard to pulsa- 
tion can be drawn. In a paper by S. R. Beitler (8) which re- 
ports the results of research conducted at several stations, it is 
pointed out (a) that for a single diameter ratio the error be- 
comes larger for decreasing values of the differential; (6) that 
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with a constant differential the error becomes larger with smaller 
diameter ratios; and (c) that at any one rate of flow the suction 
pulsation causes a smaller error than the discharge pulsation; 
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but suction pulsation is just as serious as discharge pulsation if 
the amplitude of the pulsation is the same in both cases. These 
conclusions have been substantiated by other tests. Figs. 6 and 7 
show the results of tests reportedsin this paper. 

The magnitude of the error depends upon the quantity of fluid 
being measured, the resistance and capacity between the dis- 
turbance and the meter, and the viscosity and density of the 
fluid being measured. i 

According to H. F. Hagen (15) tests on centrifugal- and pro- 
peller-type fans are apt to be in error because of erroneous velocity 
and pressure readings caused by pulsating flow. 

Tests (10) that have been conducted reveal that the meters 
made by several manufacturers gave the same amount of error 
when tested simultaneously. 


Metuops oF DETECTING PULSATION 


If two meters are placed in series in a given line at some con- 
siderable distance apart and if the one nearer the potential source 
of pulsation gives a reading which differs from the reading given 
by the other by an amount greater than the usual discrepancy 
between meters, then it is certain pulsation has been created. 

If a meter is subjected to constant quantity of flow and if the 
indicator on the meter produces a line which indicates a variable 
rate of flow by a wavy line, then the presence of pulsation can be 
suspected. This does not mean, however, that pulsation must 
exist if the meter charts have wavy lines nor does it mean that 
every case of pulsating flow will produce a wavy line. 

One pulsation detector was devised by H. S. Bean (9) which 
had only the defect that it was too sensitive for most installations. 
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In other words, it might indicate severe pulsations while the pul- 
sations might be so slight that the meter error would be negligible. 
A sketch of Mr. Bean’s detector is shown in Fig. 8. The by-pass 
valve is left open until the pressure in the tank reaches main 
The by-pass is then closed, and if the drop of water 
moves back and forth pulsation is present. Any slight change 
in static pressure or a pulsation of appreciable magnitude causes 
the water to be withdrawn into either the gas main or the pres- 
sure tank. Ifthe drop of water does not move the flow is certain 
to be pulsationless. 

A device designed by S. R. Beitler (7) and J. E, Overbeck is 
similar to the one just described and is shown in Fig. 9. In this 
device the gas-pressure tank is connected to the meter-run line 
through a 1/-in. line in which is placed an orifice plate, the di- 
ameter of the orifice being '/s in. The manometer shown in 
the figure is then piped up to measure the pressure drop across the 


ee valve 


Manometer 


Fig. 9 Puusarion Dersctor (BEITLER 
AND OVERBECK) 


1/,-in. orifice. As has been pointed out previously, an orifice sub- 
ject to pulsations will show a differential pressure even when 
there is no flow. This device takes advantage of this fact, and a 
differential reading on the manometer is an indication of the 
presence of pulsations. This device partially overcomes the 
defect of Mr. Bean’s pulsation detector in that the liquid does 
not escape so readily but large rapid changes in static pressure 
will force the liquid out of the manometer. Slight changes of 
static pressure will cause differentials on the manometer which 
are not caused by pulsations. As in the case of Mr. Bean’s de- 
tector, if no differential is shown on the manometer then it is 
certain that no pulsation exists. 

Another instrument, which was electrical and also devised by 
Professor Beitler, consisted of two diaphragms of stainless steel 
about 1 in. diam and 14/3. in. thick which were connected to each 
side of the primary metering element by very short connec- 
tions and so constituted that a pressure variation would be indi- 
cated by a very slight movement of the diaphragms. Piezo- 
electric crystals were used to indicate the motion of the dia- 
phragms, and the voltage produced was amplified and recorded 
on a recording voltmeter. The whole apparatus gave a record of 
the wave form at both the inlet and outlet pressure taps. The 
recorder was capable of responding to very rapid fluctuations 
of the pressure, and the complete record of the form and ampli- 
tude of the pressure variations was made on a high-speed chart. 
The wave forms shown in Fig. 5 were recorded by this instru- 
ment. If no pulsation is present a straight line is drawn. The. 
entire apparatus was constructed of standard types of instruments 
manufactured by Brush Development Corporation, Cleveland, O. 
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Another instrument described by T. K. M. Smith and R. E. 
Morter (10), which was used for detecting pulsation, was made 
up of a sylphon bellows to which a pen was attached. When 
pulsation causes the bellows to move the pen makes a mark on a 
strip chart driven by a spring motor. The record of the varia- 
tions of pressure is thus made on the chart. 


ELIMINATION OF PULSATION 
Although it is now generally felt that no equation can be writ- 
ten for the error caused by pulsation and no meter can be built 
that will measure correctly if pulsation exists, many such equa- 


~ tions and meters have been devised. 


It was pointed out by Judd and Pheley (6) and since found 
true by others that: (a) it is not feasible to apply a correction fac- 
tor to a meter since the correction factor would probably change 
with every installation and every condition of flow; (0) the 
laws of pulsating flow are not well enough known to set up an 
equation for a correction factor; and (c) each installation presents 
different problems. Most of the writers who have developed 
equations for correction factors have failed to take into account 
the complexity of the pulsation wave and have treated it as a 
simpleone. Some of those who have devised meters which correct 
for pulsation have failed to take into account one very important 
fundamental, namely, that pulsation is the result of pressure 
variations as well as velocity variations. 

Literature which deals with many of these equations and meters 
will be referred to. 

J. L. Hodgson (11) presents the description of a device for 
metering air with pulsating flow. A vane which oscillates with 
the pulsations carries a pointer through a hairspring. The 
pointer indicates the mean of pulsations. The rapid motion of 
the pointer is damped by vanesinanoilbath. He gives an equa- 
tion for calculating a coefficient to be used with the reading ob- 
tained with the damped reading to obtain the true rate of flow. 
Mr. Hodgson also has another paper dealing with the subject (12). 

Prof. N. P. Bailey (13) discusses a patented device which he 
indicates will give true-flow air under pulsating conditions. The 
flow of water through a calibrated orifice is claimed to be propor- 


tional to the square root of the air velocity head. Professor 


Bailey also has discussed similar meters in other papers (14). 
C. A. Dawley has patented two meters which are claimed to read 
correctly even if the flow is pulsating; one was patented in 1927 
and the other in 1928. 

H. F. Hagen (15) describes an instrument he has developed for 
determining the shape of the pulsation wave created by a high- 
speed fan, ' 

Equations for determining the error due to pulsation or for the 
calculation of correction factors to be applied to the flow equation 
for pulsationless flow have been prepared by N. P. Bailey (14), 
J. L. Hodgson (12), D. Gilmour (16), and A. H. Gibson (2). 

It was thought for a time that the effect of pulsation could be 
eliminated in a meter by placing obstructions or throttles in the 
gage lines. In 1922 it was pointed out by H. P. Westcott (17) 
that this would have no beneficial effect. Tests conducted by 
Eagle and Daberko (18) at The Ohio State University in 1937 


‘showed that such devices increased the error rather than reduced it. 


As far as is known now, the only way to remove every trace of 
error due to pulsation is to eliminate the pulsation itself. There 
can, however, be a slight amount of pulsation present which will 
not seriously affect the meter readings. 

Judd and Pheley (6), as a result of their work, set down some 
conclusions in regard to the practical elimination of pulsation 
which have since been substantiated. Among them are the fol- 
lowing: 

(a) Because of high velocity of pulsation an excessive length 
of pipe line would be necessary to destroy pulsation. 


(b) Throttling is effective, but a great deal of throttling is 
required to reduce pulsation error. 

(c) Abrupt volume enlargements in the pipe line will eliminate 
the error if of sufficient capacity. 

(d) For the same capacity a volume with a large diameter is 
better than one of equal volume and smaller diameter. 

(e) Combination of throttling with a volume forming a 
muffler device is probably best for mechanically removing pulsa- 
tions. 

(f) Revolving baffles are partially successful in removing 
pulsation. 

(g) The effectiveness of any quieting device depends upon 
its ability to dissipate or change the energy of pulsation. 


One sure way to reduce pulsation to a negligible quantity is to 
have sufficient pressure drop between the disturbance and the 
meter. This can be accomplished by an orifice or a partially 
closed valve. In tests that have been conducted the pulsation 
error on the downstream side was insignificant when the pressure 
drop through the restriction equaled or approached the critical. 
This, however, in the case of a compressor, is a costly method 
since the purpose of the compressor will partially be defeated. 

A meter placed at a considerable distance from a disturbance 
will not be subjected to the same degree of error as a meter placed 
near the disturbance. Edward Sackett (19) points out that in 
one instance a meter placed 6 miles from a compressor had no 
error. E. P. Fischer (5) noted that a meter 17 miles from a 
compressor had no error while one near the compressor gave 
considerable error. Just how far pulsation will be carried in a 
transmission line depends upon a number of factors and will 
probably be different for every installation. 

Volumes placed in a line have proved quite effective in reduc- 
ing pulsation to the point where meter error is no longer apprecia- 
ble. The fluid having pulsation is discharged into a tank having 
considerable volime from whence it flows on into the line again. 
Several modifications of this principle have been used with suc- 
cess. Smith and Morter (10) discuss the use of volume tanks. 
They also suggest that a tank have a volume of 100 cu ft per mil- 
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lion cu ft of gas per 24 hr reduced to actual volume under the 
existing pressure and that the length of the cylindrical portion 
of the tank be 1.75 times its diameter. One tank of their de- 
sign is shown diagrammatically in Fig. 10. The pressure drop 
through these tanks is very low. 

Tests of volumes were conducted by Eagle and Daberko (18) 
in which they used the volumes in two different ways. The ar- 
rangement of the piping to the tank is shown diagrammatically 
in Fig. 11. The pulsation was produced by a two-stage compres- 
sor having a capacity of 350 cfm. In one series of tests they 
passed the air from the compressor directly through the tank by 
closing valve A and opening valve B (Fig. 11), valve C also being 
open; and in another series of tests they arranged the tank for 
“breathing” in the manner of a surge tank by opening valve A 
and closing valve B with the valve C being again open. It was 
found that the former method (passing the pulsating air directly 
through the tank) was far more effective in removing the pulsa- 
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tion than the latter. The tank used in these tests had a volume 
of 54 cu ft. 

They also conducted tests when the air was passed directly 
through a tank having a volume of only 3 cuft. They found that 
the smaller volume was about as effective in removing pulsation 
as the larger one. They then used the small volume lined 
with sound-absorbing material and placed baffles of the same 
material across the path of the air flow. They found that the 
acoustic material aided in removing pulsation to a small extent 
but that the acoustic material was destroyed under the action 
of the pulsation. They also found that the pressure drop through 
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the acoustical device was slight and concluded that the benefit was 
due to the sound-absorbing qualities of the device. 

Two devices using the surge-tank principle are described by 
William Melas (20, 21, 22, 23) and shown in Fig. 12. It should 
be pointed out that these four articles are practically the same. 
Mr. Melas has used these devices in connection with a meter 
measuring the flow to a boiler feed pump. 

F. P. Fischer (5) constructed a device (Fig. 13) which con- 
sisted of piping so arranged that various portions of the fluid 
under pulsating flow would have paths of different length so that 
the pulsation waves would interfere with one another as they 
joined the main pipe. Theory indicated that the waves would 
be broken up by this method. Elimination of the pulsation 
proved to be only partially accomplished. 

In‘a report written by William Mosteller to J. T. Cortelyou, 
both of the Southern California Gas Company, Mr. Mosteller 
includes a discussion of the pulsation eliminator shown in Fig. 14. 
He points out that for maximum effectiveness in pulsation elim- 
ination, the length of the path ABC should equal the path ADC 
plus one half the length of the pulsation wave. Mr. Mosteller 
also gives an equation for calculating the wave length and the 
length X in the loop. 

Tests made on a pipe line from a compressor before and after 
the installation of this type of loop indicated that the pulsation 
downstream from the eliminator was less severe after the elimina- 
tor had been installed. The pulsation in the line between the 
eliminator and the compressor was more severe in some sections 
of the line and reduced in other sections. 

Another device which might be used as an eliminator is men- 
tioned by Mr. Mosteller and is shown in Fig. 15. 

After having studied a good many reports of test work, in- 
cluding some of the reports just discussed, L. K. Spink (24) has 
concluded that meter measurement accuracy may be improved _ 
by the following: 


(a) Operating at a higher differential, i.e., in a multiple- 
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meter run, shutting off one or more runs; or installing a smaller 
orifice in an existing meter run. 

(b) Installing a higher range differential gage and changing 
operating conditions in order to use the increased range. 

(c) Reducing the pipe-run diameter so as to use a higher 
orifice-to-pipe diameter ratio, still operating at differentials as 
high as practicable. Increasing the ratio of the orifice diameter 
to pipe-run diameter will reduce the pulsation error if the differen- 
tial remains constant. 

(d) Installing mufflers, headers, restrictions, or combina- 
tions of capacity and pressure drop between primary device and 
source of pulsation to reduce pulsation amplitude. 

(e) Locating the primary device at a point where the pulsa- 
tion amplitude is lower (as on the suction side of compressors). 


MEASUREMENT OF PULSATION 


Because of the fact that so many variables enter into an equa- 
tion for pulsating error and because each installation has pecu- 
liarities of its own,;computation of the error due to pulsation is 
out of the question. It is therefore necessary to have some in- 
strument to determine the presence and extent of the pulsation 
error. 

A second electrical instrument suggested by S. R. Beitler using 
piezoelectric crystals was developed in which the amplitude of the 
pulsation wave was measured by an indicating voltmeter mounted 
on top of a small box containing the diaphragm holders, the 
amplifier, and the mixing switch, so that the entire apparatus was 
self-contained. The power for amplification was supplied by 
dry cells so that the apparatus was portable. This instrument 
was also developed and manufactured by the Brush Develop- 
ment Corporation. Operating experience indicated that there 
was some question about the calibration of the electrical ap- 
paratus and, because of its sensitivity to pressure variations, it 
was extremely difficult to obtain a representative reading. A 
mechanical device which gives the amplitude of the differential- 
pulsation waves has been developed by S. R. Beitler (25) and 
J.E. Overbeck. ‘This device, shown diagrammatically in Fig. 16, 
is a variation of the indicator and has proved very satisfactory in 
operation. F 

In its present form the mechanical pulsometer consists of two 
cylindrical volumes, A and B, Fig. 16, separated by a sylphon 
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bellows C' so that there will be no leakage between the two vol- 
umes which are connected to the inlet and outlet pressure con- 
nections of the meter, and as close to the primary element 
as possible. A coil spring D is mounted in volume A, which vol- 
ume is connected to the high-pressure tap. The tension on this 
spring can be changed by turning the handwheel # which is out- 
side the instrument. The scale F (each division represents 1/19 
in.) indicates the elongation of the spring. Electrical connec- 
tions are arranged in volume B, which is connected to the low- 
pressure tap, so that any motion of the bellows caused by differ- 
ential pressure will be indicated by a light @ located on the out- 
side of the instrument. During operation the tension of the 
spring is gradually increased until the light goes out. This in- 
dicates that the differential pressure has been equalized by the 
spring tension. When this occurs the tension of the spring 
should represent the differential pressure due to the flow plus 
the maximum amplitude of the differential pressures. 

The instrument spring can be calibrated by comparing its 
seale readings with any differential gage when connected to a set- 
up where there are no pulsations present. When measuring 
pulsation amplitude the instrument is almost totally unaffected 
by inertia, since the moving parts are practically at rest when the 
determination is made. 

To determine the correlation between pulsometer reading, 
meter differential, and meter error a research project was spon- 
sored by the American Gas Association and The American So- 
ciety of Mechanical Engineers. A special test station, shown 
diagrammatically in Fig. 17, was constructed near Sugar Grove, 
Ohio, at the Crawford No. 2 Station of the Ohio Fuel Gas Com- 
pany. (It was the good fortune of the author to be a member 
of the research working committee during the period that many of 
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Fic. 17 ARRANGEMENT OF PULSATION TEST PIPING 
(Crawford No. 2, Sugar Grove, Ohio.) 


the tests were conducted.) ‘This test station was built with two 
orifice meters in series, one on the discharge and the other on 
the suction line of alarge gas compressor. Gas was supplied to the 
first orifice directly from the outlet of the aftercooler of one com- 
pressor, and after passing through the second orifice meter, was 
discharged back into the suction of the same compressor. 

With this arrangement pulsation could be maintained as 
nearly constant as possible and the other measured conditions 
could be easily changed to give the pressures and rates of flow 
desired. Throttle valves (plug-type valves) were placed in the 
line between the two meters and also between the compressor 
and the inlet and outlet of the test setting. By means of these 
valves it was possible to regulate the pressure on either one of the 
meters so that it would not be subjected either to suction or dis- 
charge pulsations from the compressor. 

This meter was then used as a standard or reference meter 
and the measurement error due to pulsation was determined by 
comparing the quantity indicated by the meter subjected to pul- 
sation (or test meter) against that indicated by the reference 
meter. The test meter was equipped with both “flange” and 
“pipe” taps, and readings were taken on both simultaneously in 
order to determine what effect the location of pressure taps 
might have on the test results. 

In order to eliminate the effect of small variations in orifice 
plates and runway construction, so-called “unity tests’ were 
run for each arrangement of orifice plates. In making these tests 
the flow into and out of the setting was throttled to the extent 
that there was no pulsation on either meter. By comparing the 
quantities as measured by the two meters under these conditions, 
an indication was obtained of how close the meters would check 
each other when no pulsation was present. 

“As shown in Fig. 17, the setup is as it was arranged for the 
determination of discharge pulsation. When the study was made 
on the effect of suction pulsation the function of the meters was 
interchanged and the pulsometer was moved to the other meter. 

Since changing the speed of the compressor would change the 
type of pulsation, a by-pass was built into the setting between 
the inlet and outlet so that it was not necessary to change the 
speed of the compressor in order to change the rate of flow 
through the setting. The compressor used was a two-cylinder 
double-acting Ingersoll-Rand machine having 18!/.-in. X 48- 
in. cylinders and operating at approximately 70 rpm. 

The curve shown in Fig. 18 was determined from the tests at 
this station. In preparing this curve the results of about 500 
tests on orifices with diameter ratios of from 20 per cent to 80 
per cent in 2-in., 4-in., and 6-in. lines were studied. It was de- 


cided not to attempt to determine any correction factors but to 
concentrate on the determination of the conditions under which 
meters would measure accurately. Taking many facts into 
consideration, it was decided that a meter, subject to pulsation, 
would be normally within the limits of commercial accuracy 
when the error was less than 1 per cent. Taking into account 
spot tests made with commercial setups and recording gages, it 
was felt that the probable accuracy of any individual test not 
subject to pulsation was within the range of +0.5 per cent. 

All of the test points were plotted on a large sheet, and the 
percentage of error was marked on the points. The line was 
then drawn through the points where the error was approximately 
1.5 per cent. Because of the inherent limitations on the ac- 
curacy of the tests there were three or four points with an error 
greater than 1.5 per cent below the curve and ten or twelve 
points with less than 1 per cent error above the curve. It will be 
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noted that the same curve applies to both flange and pipe 
taps. 

This curve can then be used to determine whether or not a 
meter measuring pulsation flow is accurate. It is necessary only 
to attach the pulsometer to the pressure taps and take a reading 
on it at the same time that the differential pressure is determined. 
The calibration curve is then consulted to find the pulsometer 
reading in inches of water. If the point, when plotted in Fig. 
18, falls below the curve, then the pulsation error is less than 1 
per cent and the meter is probably within the range of ordinary 
commercial accuracy. If the point falls above the curve, then 
the pulsation error is greater than 1 per cent, and the measure- 
ment with the meter will not be accurate. 

For differential pressures less than 32 in. of water the experi- 
mental curve was intentionally curved downward at the lower 
readings, since operating experience has shown that measure- 
ments made at low differentials when the flow is pulsating, are 
very sensitive to changes in pulsation, and it was felt that the 
line should be lower than normal to allow the effect of these ac- 
cidental variations. Because of erratic results the empirical 
curve was not drawn for differentials below 20 in. of water and 
if pulsations are present, it is believed better not to attempt to 
meter the flow where the differentials are as low as that. These 
curves were plotted on logarithmic paper so that points with the 
same percentage of error would be approximately the same dis- 
tance from the curve for any value of the differential head. 

In order to make use of the available test results all pulsome- 
ters must have the same general dimensions as the one used to 
determine the effect of pulsation, since the shape and dimensions 
will undoubtedly have some effect on the instrument reading. 
This pulsometer is patented and is now being built by the Re- 
finery Supply Company, Tulsa, Okla. 

As previously mentioned, the location of the curve drawn in 
Fig. 18 was determined by experiment, and it was thought that 
the results might be better understood if there was a rational ex- 
planation for drawing it in this manner. In order to see the rela- 
tionship of the empirical curve to some theoretical curves, Fig. 19 
was plotted. 

Equations developed in the second section, ‘Mathematical 
Analysis,” were used in obtaining these curves. Values of the 
error were found for several values of p/h. ‘Then p /h was plotted 
against the meter error for each wave form, and the value of p/h 
for 1 per cent error for each of the three wave forms was deter- 
mined from the curves. Then a relationship was set up be- 
{ween the pulsometer reading (p + h) and the meter differential 
(h). 

In comparing the theoretical curves with the empirical curve 
it has been assumed that the pulsometer reading is the sum of the 
differential plus the amplitude of the pulsation. These curves 
are all drawn for 1 per cent error. It will be seen that there is a 
reasonable degree of relationship between the empirical and 
theoretical curves. 


Resparcu TO Bs DoNE 


Although pulsation has received considerable thought and 
attention for a number of years and although devices have been 
built which indicate the presence and others which to a degree 
indicate the magnitude of the pulsation, considerable work re- 
mains to be done. 

No use of the pulsometer shown in Fig. 14 has been made in 
connection with a vapor having pulsating flow. Just how 
the instrument would behave if the volumes on both sides of the 
bellows or if the lines leading to the instrument were filled with a 
liquid remains to be learned through an investigation. At the 
present time it also seems quite necessary that an instrument be 
developed for use with meters having low differentials, say, 30 in. 
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‘and less. The curve now used, Fig. 18, cannot be used with 


such low differentials with any degree of confidence. 

It is also felt that more of a study of the pulsation theory should 
be made. Heretofore, pulsation produced by a commercial 
machine has usually been studied. It would seem to be logical 
to make a laboratory study of pulsations which could be carefully 
controlled and varied. In this way the degree of error produced 
by different devices and with different wave forms could be deter- 
mined. 

The studies mentioned are only a few which need to be made, 
There are, in fact, many others of equal importance. 
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Discussion 


J. E. Oversecx.‘ The writer has had the good fortune of 
working on some of the research studies explained, as well as of 
using some of these research data in practical applications. 

If the operating gas-measurement engineers will take full ad- 
vantage of the information now available, which is set forth in 
this paper, there is certainly much to be gained. In putting these 
data to practical application, the first step should be to make a 
study of all measuring stations to determine which are liable 
to be affected by pulsation. This can be done by reviewing all 
stations and determining which ones are located adjacent to 
compressor stations. The term “adjacent”? may mean that the 
meters are located on the compressor-station lot, or it may mean 
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that they may be up to 20 miles away from the compressor sta- 
tion where there is very little pressure drop or resistance between 
the measuring station and the compressor station, 

Each station suspected should be checked with a mechanical- 
type pulsometer of the type shown in the author’s Fig. 16, to 
determine whether or not the effect of pulsation is sufficient to 
cause an errorin measurement. Such tests should be made under 
all of the operating conditions encountered, including rates of 
flow, number of compressors being operated, lines and connec- 
tions being used, whether or not the gas is passing through scrub- 
bers, coolers, dehydrators, etc. Generally, the pulsation effect 
will be the greatest with the least number of compressors being 
operated and with the least number of connections, etc. It is 
probable that these tests will eliminate a high percentage of the 
stations suspected, that is, the effect of pulsation will be within 
the limits as shown by the author’s graph, Fig. 18. 

Where the effect of pulsation exceeds these limits and is to be 
reduced, local conditions surrounding the meter stations are big 
factors, and which method to use, of course, will depend upon 
these local conditions. In many instances it may only be neces- 
sary to change operating conditions or make only slight changes 
in the equipment, such as changing orifice size, operating at 
higher differentials, etc. 

From the operating standpoint, the charts shown in Fig. 6 
and Fig. 7 of the paper, are helpful in determining whether or 
not to change the meter differential or change the orifice-to-pipe 
diameter ratio to obtain the most efficient results. For example, 
where it is not necessary or practical to change the pipe-run size, 
it will be found that it is more effective to operate at the highest 
differential, even though flow conditions require a slightly lower 
orifice-to-pipe diameter ratio. 

For those stations where the pulsation effect is beyond the 
limits, as shown in Fig. 18, the suggested remedies pointed out by 
the author will certainly be helpful in reducing the error. Many 
other types of pulsation dampers have been used. Generally, 
any change in piping that will, through interference, break up the 
pulsation waves at the point of measurement will increase the 
frequency, lower the amplitude, and thus reduce the meter error. 

It may be found necessary at some stations to make more than 
one change, that is, increase the orifice-to-pipe diameter, increase 
the operating differential range and install some pulsation damp- 
ers, or change the arrangement of piping between the source of 
pulsation and meter. 


AUTHOR’s CLOSURE 


The comments by Mr. Overbeck relative to checking and cor- 
recting meter installations for pulsation are a valuable addition 
to the paper. 

The author feels certain that there are many others who have 
something to offer which will shed more light on pulsation. There 
should be several who have tried eliminators besides the ones 
shown. There should also be additional references. No doubt 
the theory of pulsation as given in the paper can be expanded. 

The author will appreciate receiving any information on pulsa- 
tion that any reader may have. 


Boiler Design for Extreme Load Variations 


By M. H. KUHNER,! WORCESTER, MASS. 


A summation of required design provisions for boilers 
adapted to operate under quick demand changes. Refer- 
ence is made to the quick-pickup boiler in the Harbor 
Steam Plant of the City of Los Angeles and the steel-mill 
boiler at the Homestead Works of the Carnegie-I]linois 
Steel Corporation. The importance of water storage, 
unrestricted path for water and steam in circulation, 
steam release with minimum disturbance of water body 
in drum, steam-temperature control during unbalanced 
firing, and the effect of each item on the others, is dis- 
cussed. Recommendations are made for determining re- 
quired capacity of fuel-burning equipment and fans in 
reference to the extent and rapidity of steam-load changes. 


called upon to carry reasonably steady steam loads. 

Changes in steam demand are gradual and are often pre- 
dicted in sufficient time to permit required preparations for load 
increases or decreases. Boilers of what can be termed standard 
design usually give a good account of themselves under this type 
of service. 

There are, however, other steam power plants, both public- 
utility and industrial, in which standard boilers would be quite 
unsuited. These are the plants where steam demandis unpredicta- 
ble and where load changes are instantaneous and extreme. 
Steam-electric plants which stand by hydroelectric stations 
come under this category. 

An outstanding example in the utility field is the Harbor Steam 
Plant of the City of Los Angeles, where a single boiler and tur- 
bine-generator unit must be prepared to pick up loads at the rate 
of 50,000 to 60,000 kw within seconds and without previous warn- 
ing, Fig. 1.? 

In the industrial field the steam power station of the Home- 
stead Works of the Carnegie-Illinois Steel should be mentioned, 
Fig. 2. Asingle boiler and turbine-generator unit feeds steam and 
power into the lines of the entire system of ‘‘Big Steel’s’’ Pitts- 
burgh district. Whenever a deficiency in steam or power de- 
velops in any one of the steel-mill units, it must be made up by 
the Homestead Works Power Station. Instantaneous load-rate 
changes as great as 250,000 lb of steam per hr and 20,000 kw are 
quite frequent. 

In the design of boilers suitable to serve safely and reliably in a 
power plant with sudden and extreme load variations, the follow- 
ing major points must be given careful consideration: 


Mee boilers in public-utility and industrial plants are 


1 That portion of heat stored in the boiler which will become 
available at once for steam formation with reduction in pressure. 

2 Path of water and steam through circulatory system. 

3 Release of steam formed by flashing in the water body. 

4 Control of steam temperature while steam output and fir- 
ing rate are out of balance. 


1 Chief Mechanical Engineer, Riley Stoker Corporation. Mem. 
A.S.M.E. . 

2“The Harbor Steam Plant Boiler,’ by Max H. Kuhner, Power 
Plant Engineering, vol. 49, June, 1945, pp. 86-89. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Toe AMERICAN 
Soctery or MrcHaANnIcaL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors and not those of the 
Society. 


5 Effect of rapid thermal changes in steam, feedwater, and 
combustion gas on boiler pressure parts. 

6 Methods of firing and capacity of fuel-burning equipment. 

7 Selection of mechanical-draft equipment and drives as to 
type, capacity, and control. 


8 Construction of setting enclosure for momentary high in- 
ternal setting pressures. 


9 Automatic equipment for control of firing and flow of fuel, 
air, gas, and feedwater. 


Heat STorRAGE 


When the steam-output rate of a boiler increases elevenfold in 
a matter of 4 or 5 sec, as is the case with the Harbor Steam Plant 
boiler, it cannot be expected that the firing rate can be made to 
increase proportionately and at the same time. Response of the 
automatic control naturally lags because the control receives its 
primary impulse from steam pressure or steam flow. It takes 
time for the fans to speed up, for dampers to arrive at the new 
setting and for increased fuel and air quantities to reach the fur- 
nace. During this time lag the boiler is required to perform some- 
what like a steam accumulator. Steam delivered over and above 
that quantity generated by the existing furnace heat input must 
be produced by flashing, using heat stored in the boiler water. 
Part of this heat is made available with reduction in boiler pres- 
sure. Steam is formed in the body of water contained in drums, 
tubes, and headers. The greater the weight of water below the 
working level, the more heat is available for flashing of steam and 
the smaller will be the pressure loss for a given steam output. 
To have the highest possible pressure and heat head available 
at the moment of load pickup, it is advisable to control the drum 
pressure of the boiler rather than the pressure at the superheater 
outlet or at the turbine throttle. The difference between the 
drum pressure existing at the moment of the beginning of 
the load pickup and the lowest drum pressure permissible for the 
work to be done determines the steaming rate during accumulator 
operation, and the maximum permissible time lag between start 
of high steam output and correspondingly increased furnace heat 
release. 

The example of the Harbor Steam Plant boiler is probably 
best suited to illustrate the importance of heat storage. A stand- 
ard boiler unit of 650,000 Ib capacity at 1000 psig, 900 F usually 
contains approximately 2500 cu ft of internal cubical space be- 
low the working water level in drums, tubes, and headers. The 
Harbor boiler has 3500 cu ft. Its hourly steaming rate is between 
60,000 and 100,000 Ib, while it is under stand-by load. The drum 
pressure is maintained at 1040 psig. It canbe assumed that dur- 
ing the low steaming rate of stand-by operation the space below 
the water line is occupied by substantially solid water, that is, 
water almost free of steam bubbles. The turbine is constructed 
so that the peak generating capacity can be maintained with 840 
psig throttle pressure. Maximum pressure drop through the 
superheater, steam-temperature control system, and steam line 
from boiler to turbine, is approximately 100 psi. The boiler-drum 
pressure may therefore be permitted to drop 100 psi during ac- 
cumulator operation before capacity power output of the plant is 
impaired. i 

Saturated water totaling 3500 cu ft at 1048 psig, which is the 
mean pressure between water level and lowest point of the sys- 
tem, equals 160,000 lb. It contains 551.9 Btu per lb, or a total of 
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88,200,000 Btu. If the mean pressure is 100 psi lower, or 948 
psig, each pound of water contains 537 Btu and the total heat in 
160,000 Ib of water is 85,900,000 Btu. The difference, 2,300,000, 
is available as heat to be flashed into steam. 

The heat of evaporation at the mean pressure between the ini- 
tial drum pressure (1040 psig) and the pressure at the end of the 
accumulator cycle (940 psig) is 648.5 Btu per lb; 2,300,000 di- 
vided by 648.5 = 3550 lb of steam can thus be flashed from boiler 
water. 

The Harbor boiler must deliver steam at the rate of approxi- 
mately 650,000 lb per hr to develop 55,000 kw output under rapid 
pickup conditions. The firing rate is established to produce only 
approximately 60,000 lb per hr prior to the moment the load rise 
begins. The difference at the rate of 590,000 lb per hr must be 
made up by flashed steam. A steaming rate of 590,000 lb per hr 
is 164 Ib per sec; 3550 divided by 164 is 22; therefore the heat 
stored in the boiler water permits the maintenance of 650,000 Ib 
per hr steam-output rate for only 22 sec duration if the firing rate 
corresponding to 60,000 lb steaming rate is maintained. The 
boiler-drum pressure will drop from 1040 psig to 940 psig during 
this period. The 22-sec time lag is usually sufficient for the fuel- 
burning rate to increase and to meet the new steam-output rate, 
Fig. 3. 

CrrcuLatory SYSTEM 


While the design for unidirectional circulation of water and 


NOVEMBER, 1946 


steam is a basic requirement for all water-tube boilers, it becomes 
much more important where boilers are subjected to rapid load 
variations. Not only must the design of the system insure that 
there can be no stoppage or reversal of flow in any of the steaming 
tubes during a quick load change, but the path of water and steam 
must be easy,and direct. Abrupt changes in internal cross-sec- 
tional area within the circulatory system must be avoided. 

A sudden change in steam-output rate results in a momentary 
disturbance of the flow of water and steam in circulation. If the 
load suddenly rises with a resulting drop in drum pressure, steam 
is formed in the entire body of water contained in steaming tubes 


as well as in downflow and feeder tubes, wherever the water tem- 


perature corresponds with steaming temperature. The buoy- 
ancy of the steam globules formed in the downflow column op- 
poses the downflow of solid water. The rate of circulation is natu- 
rally low during low rates of evaporation. If there are restric- 
tions and obstructions placed in the path of natural circulation, a 
quick load rise will certainly produce stoppage and reversal of 
flow in some steaming tubes. This may lead to tube failures. If, 
on the other hand, the circulatory system is designed so that water 
and steam can find no serious obstruction in their path, full use 
can be made of the flywheel effect of the mass of water in motion. 

It. is calculated that the average circulating velocity of water 
in the Harbor boiler is approximately 2 fps during 60,000 lb per hr 
evaporation. The momentum of 80 tons of water traveling at 
this velocity is an effective force opposing the buoyancy of steam 
flashed in the water during a load pickup. It assures that unidi- 
rectional flow is maintained in all tubes. This boiler has been 
subjected to a number of rapid load pickups during the past 3 
years. The performance recorded by curves, Fig. 3, is typical for 
such surges. No circulation difficulties were detected. 


Srram RELEASE 


Releasing the steam generated in the open drum space of the 
main boiler drum above the water level prevents geysering and 
turbulence of the water body in the drum and seesawing of the 
water level. In general, this method effects rapid separation of 
steam from water. A design incorporating this provision is an ad- 
vantage for all boilers regardless of type and service.* 

Rapid steam-load changes are accompanied by water-level 
variations because the steam formed in the body of water during a 
sudden load rise, not paralleled by corresponding increase in heat 
input, tends to lift the water level. The volume of the fluid below 
the water level increases in direct proportion to the volume of 
steam formed in the water body. Conversely, a sudden reduction 
in load, accompanied by a slight rise in boiler pressure, causes 
steam globules already formed, to collapse, resulting in a shrink- 
age of the volume below the water line and a drop in water level. 

It is important therefore that the drum in which steam is re- 
leased and in which the working water level is to be maintained, 
be unusually large. The maximum rise in water level must not 
reduce steam-release space to the point where there is danger of 
water carry-over, and the drop in water level must not be such 
that the entrance to the downflow system becomes exposed and 
steam, in place of solid water, is permitted to enter the downflow 
column. 

When the drum is equipped with a steam-cleaning and drying 
device the efficiency of this apparatus is usually dependent upon 
the height of the water level in ‘the drum. If the level is too 
high the steam-purifying system may become flooded; if too low, 
dirty steam and boiler water may by-pass the purifier with dis- 
astrous results for superheater and turbine. Because large 
changes in water-level elevation cannot be prevented during 


3 “How Steam Is Released in Water-Tube Boiler Drums,” by Max ~ 


H. Kuhner, Power Plant Engineering, vol. 48, September, 1944, pp. 
92-94. 
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sudden large changes in steam-output rates, it becomes neces- 
sary to study carefully the placement of steam-purifying equip- 
ment and a larger than normal drum diameter, or a separate 
steam-purifier drum is indicated. 

The Harbor Steam Plant boiler is equipped with a 66-in-ID 
steam-release drum plus a 36-in-ID steam drum placed above at 
14 ft vertical center distance. The volume of water contained in 
the 66-in-ID drum with the water line at normal elevation is 350 
cu ft while the steam space above the water line is 1110 cu ft, Fig. 
4. The normal water level is established at 9 in. below the hori- 
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zontal center line of the 66 in. drum. The water level may rise 11 
in. from normal during a load pickup or may drop 6 in. below 
normal with a sudden steam-load reduction before steam release, 
steam purification, and water supply to downflow column are af- 
fected. The effectiveness of this arrangement is indicated by the 
steam purity recorded during load pickups. The solids carried 
away in the steam usually increase momentarily from approxi- 
mately 0.1 ppm to 0.5 ppm, Fig. 3. 


SrraM-TEMPERATURE CONTROL 


During normal operation of a central station or industrial boiler 
final temperature of steam delivered by the superheater is in- 
fluenced by moisture content of the steam entering the super- 
heater, steaming rate, length of flame, excess air used for com- 
bustion, type and kind of fuel, cleanliness of furnace wall and 


water heating surfaces placed ahead of the superheater, and clean- 
liness of the superheater surface. These are all factors which can 
change the steam temperature of an installation. A relatively 
simple system of steam-temperature control is usually sufficient to 
produce a workable steam-temperature characteristic in spite of 
the factors of normal operation mentioned. A system based on 
control of gas flow over superheater surface or on partial desuper- 
heating is often sufficient to prevent a rise in steam temperature 
to the point where superheater and turbine are endangered, be- 
cause each individual factor, or a combination of those mentioned, 
will not so seriously influence the final steam temperature that 
the range of a correctly designed control is exceeded. 

With a quick-load-pickup boiler additional factors must be 
considered as affecting steam temperature. During a sudden load 
rise, and while the firing rate lags 20 to 30 sec behind the increased 
steam output, very little heat is applied to the superheater sur- 
face and a drop in steam temperature must be expected. On the 
other hand, steam temperature will risesharply with a sudden drop 
in steam demand because the firing rate, corresponding with the 
higher load, continues several seconds after the load decrease has 
taken place. More heat is therefore applied to the superheater 
surface than can normally be carried away with the steam’ Con- 
ditions are aggravated for a purely convection superheater be- 
cause its normal characteristics produces a steeply rising tempera- 
ture gradient with increasing steaming rate. A superheater de- 
signed so that part of the heat is received by radiation and the 
remainder by convection, produces a more uniform steam tem- 
perature over a wide range in load. Obviously therefore a super- 
heater of this design insures a higher steam temperature at the 
beginning of the load-pickup cycle, and the effect on steam tem- 
perature by the unbalance of steam flow and firing rate at the 
moment of a sudden load drop is not as pronounced as with 
the purely convection superheater. 

In addition to the points mentioned as affecting superheater 
performance there is one factor identified with quick-load-pickup 
boilers only which has a severe effect on steam temperature. 
Heat removed from boiler water by flashed steam, with the re- 
duction in pressure, must be restored after the high steaming rate 
is established and while pressure is raised to normal. The fuel- 
burning rate is therefore not only that required to generate the 
steam delivered by the boiler, but in addition, that necessary to 
restore the heat to the boiler water and thus re-establish the nor- 
mal operating pressure. The heat input to the superheater is 
considerably greater during the time pressure is being restored 
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than required for normal steam temperature at the existing steam 
flow. During this period steam-output rate and firing rate are out 
of balance with the firmg rate a considerable percentage greater 
than needed for the steam output. The result is high steam tem- 
perature. The excess rate of firing is, of course, in inverse propor- 
tion to the time permitted to restore the heat in the boiler water 
and to establish normal drum pressure, Fig. 5. The maximum 
permissible steam temperature usually limits the excess rate of 
firing and thus controls the time required for restoring normal 
drum pressure. 

Gas by-pass dampers for controlling Beara temperature are too 
sluggish to be effective at the moment of a rapid load increase. 
The heat-exchanger type of control, or one employing direct-con- 
tact water sprays, is more suitable because its action is almost in- 
stantaneous if it receives its impulse automatically from the 
steam temperature, and especially so if the control anticipates 
a steam-temperature rise by receiving its primary impulse from 
steam flow. 


THERMAL CHANGES 


It is apparent that rapid load changes produce rapid tempera- 
ture changes in feedwater, steam, and combustion gas. Fig. 3 
shows that during an instantaneous load pickup by the Harbor 
Steam Plant unit from 70,000 to approximately 630,000 lb 
steaming rate, the feedwater temperature rose from 270 to 380 F 
in less than 6 min, while the steam temperature dropped from 825 
F to approximately 800 F in 45 sec, then rose to 975 F in 8 min. 
The increase in firing rate, from approximately 4000 lb of oil per 
hr to over 50,000 lb in less than 1 min, naturally produced a rapid 
rise in the temperature of combustion gas passing over the heating 
surfaces. 

Rolled tube joints and welded pressure connections must be 
insulated against direct impact of combustion gas to prevent dam- 
age from temperature shocks. Feedwater entrance connections 
must be designed to prevent water of rapidly varying temperature 
from contacting the drum steel, Fig. 6. The entire pressure sys- 
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tem must be suspended in a manner which permits free thermal 
expansion and contraction without placing unpredictable strains 
and stresses on pressure parts, setting enclosure, and supporting 
members. 


FuEL-Burnine EQuipMENT, TYPE AND CAPACITY 


The rapid changes in heat-input rates required by widely vary- 
ing steam demands call for extremely flexible fuel-burning equip- 
ment. Liquid and gaseous fuels are naturally well adapted for 
this service but burners must be of the wide-load-range type. 
There is no time for lighting additional burners or for changing 
burner tips or guns at the moment of load pickup. Neither will 
the available time permit taking burners out of service or making 
manual adjustments during a sudden drop in load. 
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In the case of the Harbor Steam Plant, where oil is the principal 
fuel, all ten burners are in service at all times. The combined 
burning rate is only approximately 4000 lb of oil per hr during 
stand-by operation, but in case of a load pickup the burning rate 
will have increased to more than 50,000 Ib of oil per hr in less than 
1 min, Fig. 3. A maximum burning rate of 60,000 lb per hr can be 
maintained. 

Where coal must be burned stokers are usually not suitable 
because their operating characteristics prevent the required 
flexibility of heat liberation for quick steam-load changes. Pul- 
verized-coal-firing is better adapted. Although response to load 
changes is rapid with correctly designed pulverized-coal equip- 
ment, the wide range of burner performance easily obtainable 
with oil and gas is usually not secured. A supplementary fuel, 
such as gas or oil, may have to assist the maintenance of stable 
ignition where the load swings to extremely low points. 

An outstanding example of this method of operation is the 
steam-generating unit of the Rankin steam-electric station of the 
Carnegie-Illinois Steel Corporation, Fig. 2. This unit, of 450,000 
lb per hr design capacity, is fired by blast-furnace gas as the main 
fuel, with pulverized coal to make up any deficiency. Sudden 
changes in steam demand at the rate of 250,000 lb per hr take 
place, and because the supply of the blast-furnace-gas fuel cannot 
be changed as rapidly as necessary to parallel steam demands 
(whatever quantity of blast-furnace gas remains from other oper- 
ations in the steel mill must be burned under the boiler), the 
load swings must be handled by pulverized coal. 

The typical steel-mill load of this plant differs from the spin- 
ning-reserve service of the Harbor Station. While Harbor receives 
its high load demands without warning as, for example, in case of 
a break in the transmission lines coming from the Boulder Dam 
hydroelectric station, the Rankin plant is usually informed of a 
major load change a few minutesin advance. Ifa load pickup is 
announced, pulverizers are started and remain spinning without 
coal. As soon as the steam demand exceeds the available supply 
of blast-furnace gas, raw-coal feeders start delivering coal to the 
mills, and within a few seconds a pulverized-coal flame is estab- 
lished in the furnace. The pulverized-coal burners contain oil 
pilots permanently maintaining an oil flame sufficient for instan- 
taneous ignition of the pulverized coal and for support of the 
flame at extremely low burning rates. 

The capacity of fuel-burning equipment for boiler units subs 
jected to extreme steam-load variation must be greater than for a 
standard boiler installation, because the heat to be released in the 
furnace immediately following a sudden load increase is not only 
that necessary to produce the steam actually generated in the 
boiler, butin addition, that necessary to restore boiler pressure and 
to replace the heat taken from boiler water while the boiler oper- 
ated as a steam accumulator. This excess fuel-burning capacity 
must be determined by the time permissible, or available, starting 
with the moment of load pickup until full boiler pressure is re- 
stored. Fig. 5 shows that in the case of the Harbor Steam Plant 
unit an excess fuel-burning rate of 64 per cent would be required 
if it were necessary to restore full boiler pressure in 40 sec, whereas 
if 5 min were permissible, only approximately 10 per cent excess 
burning capacity would be necessary. This boiler is actually 
equipped with 28.5 per cent greater fuel-burning capacity than 
that required for the continuous steaming rate of 675,000 lb per hr 


MeEcHANICAL-DrRaF? EQuIPMENT 


The selection of type, capacity, and driving method of fans is 
governed to a large extent by the required or desired rapidity and 
magnitude of steam-load changes for which the installation is de- 
signed. The construction of forced- and induced-draft fans must, 


4“Modern Boilers for Steel Mill Plants,” by M. H. Kuhner, 
Power, vol. 87, 1943, pp. 650-657. 
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in any event, be such that mechanical failures caused by the high 
stresses produced by the torque required for acceleration are pre- 
vented. The drive best suited for the requirements should be se- 
lected on the basis of the following considerations: 


1 Direct-connected constant-speed alternating-current mo- 
tors. Gas and air flow controlled by dampers or fan-inlet vanes. 
Quickest response to load change. High power consumption. 
High rate of wear and tear of fans and dampers. Operating units 


.for dampers must be extra powerful. 


2 Direct-connected variable-speed wound-rotor induction 


motors. Speed range only 50 per cent of maximum. Dampers’ 


required for accurate flow control. Power consumption relatively 
high, but lower than (1). Slower response to load changes. 

3 Constant-speed alternating-current motors with hydraulic 
or electromagnetic couplings. Power consumption less than (1) 
and (2). Considerable time required for response to load changes. 
Dampers required for flow control in low load range. 

(4) Direct-connected adjustable-speed direct-current motors, 
variable-voltage control (or electronic control when available for 
large motors). Economical power consumption. Quick response 
to load changes. Speed range corresponding to entire steam-load 
range. No dampers necessary for flow control. Motor generator 
set required. High investment cost. (Used with Harbor Steam 
Plant boiler). 5 


The determination of capacity of mechanical-draft equipment 
must, of course, be governed by the capacity of the fuel-burning 
equipment. (Refer to section ‘‘Fuel-Burning Equipment, Type 
and Capacity.’’) 


Borer SETTINGS 


It cannot be expected that ten to twelvefold acceleration of 
burning rates, often taking place in less than 20 sec, will in every 
case occur without some disturbance of furnace conditions. In 
spite of the most carefully adjusted combustion control there is 
always the possibility that the increased fuel flow reaches the 
burners a fraction of a second in advance of the corresponding air 
supply. This may result in a furnace puff or, under severe condi- 
tions, in a light furnace explosion. One of the fans may speed up 
faster than the other, creating momentary high positive or nega- 
tive pressures in furnace and gas passages. 

It is evident that greater than ordinary care must be taken in 
the design and construction of the setting enclosure and gas and 
air passages. The setting must be strong enough to withstand 
minor gas and fuel explosions. It must remain tight under this 
severe service but it must also be sufficiently flexible to absorb 
internal shocks and damp them so that they are not transmitted 
to the supporting structure of the boiler and building. This calls 
for an entire steel shell enclosing the complete unit, reinforced 
and supported by a system of steel buckstays and girders which is 
independent of the main supporting structure. Permanent tight- 
ness of the joints of casing panels must be insured by flanges with 
closely spaced bolts, or by complete welding.® 

The steel casing of the Harbor boiler is constructed to resist 
internal pressures up to 100 psf (approximately 19 in. water gage) 
without noticeable deflection. Air and gas passages are arranged 
for the most direct flow between furnace and fans. 


ContTrROL EqQuipMENT 


A reliable system for automatically controlling firing rate, air 
and gas flow, steam temperature, and feedwater flow must be in 
use with boilers operating under extreme load variations. It is 
impossible to attempt manual control of fuel, air, draft, steam, 


5 “Steel Encased Settings for Modern Steam Generating Units,” 
by Max H. Kuhner, A.S.M.E., unpublished paper No. 716, 1940. 


and water because all adjustments are required simultaneously and 
in step with the variation in steam demand. 

It is not within the scope of this paper to recommend the type of 
control equipment to be used, but in selecting the equipment it 
must be kept in mind that the time lag of the control mechanism 
has a very important effect on the performance of the boiler 
equipment. The time consumed from the moment the control 
receives its first impulse of a load change, until the control has 
repositioned the equipment governing flow of fuel, air, gas, steam, 
and water, must be as short as mechanical limitations permit. 
If the response is fast the period during which the boiler must per- 
form as a steam accumulator is short and the reduction in drum 
pressure is small. In this connection it is desirable to study the 
design of the equipment to be controlled because speedier re- 
sponse may be obtained by having the apparatus to be controlled 
designed for the least inertia. For example, multiple-leaf and 
louver dampers in air and gas passages have less inertia than large 
single-leaf dampers. 

The combustion control receives its primary impulse either 
from steam pressure or steam flow. Because the time element of 
response to sudden steam-flow changes should be measured in 
fractions of a second, an arrangement whereby the primary im- 
pulse is received from power demand at the output side of the 
generator rather than from steam demand at the turbine throttle, 
might be worthy of consideration. Obviously the control mecha- 
nism must be self-compensating to avoid vicious hunting cycles. 

It is demonstrated that the water level of a boiler rises sharply 
during a sudden load increase and drops as fast if the steam-out- 
put rate is suddenly reduced. The accumulator performance of 
a boiler and utilization of heat stored in the boiler water, are dis- 
cussed in the section ‘‘Heat Storage.” Keeping these facts in 
mind, it is readily apparent that it would be quite undesirable to 
have large quantities of relatively cold feedwater enter the boiler 
at the moment of a load surge. Cold feedwater would not only 
reduce the heat available in the boiler water for flashing steam, 
but would tend to raise the water level still further. On the other 
hand, the entrance of large quantities of colder feedwater is 
desirable when it immediately follows a sudden drop in steam de- 
mand. The water level is then below normal. Excessive heat in 
the boiler raises the pressure. Safety valves may start to pop. If 
there is heavy feedwater flow during this critical time the water 
level will be promptly restored to normal, and part of the excess 
heat in the boiler water will be dissipated in the fresh feedwater. 
It is indicated therefore that feedwater flow should be controlled 
solely by the working water level if the boiler is subjected to rapid 
load changes. With feedwater flow so controlled, the entrance of 
fresh water into the boiler is almost entirely interrupted during a 
sudden load rise and, conversely, large quantities of fresh feed- 
water will enter the boiler immediately after a sudden load drop. 
This action effectively stabilizes the water level and reduces the 
required distance between highest and lowest working levels. 


ConcLUSION 


A thorough analysis of the change taking place in a boiler dur- 
ing sudden and extreme steam-load variations must precede the 
design of the equipment. Expected magnitude of load swings and 
time permitted for restoring normal conditions in the boiler must 
be considered in determining the required volume below normal 
working level and the necessary capacity of fuel-burning equip- 
ment and fans. More time is available for response of control 
equipment when heat storage in boiler water is liberal, but large- 
diameter costly water drums and headers are required. A study 
will show whether large accumulator capacity of the boiler can 
be justified, or if the use of a more conventional boiler equipped 
with unusually large firing and fan equipment, and controls of ex- 
treme speed of response, is more economical. 
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Tn conclusion it can be mentioned that a large number of the 
design points discussed as being important for boilers handling 
extreme load changes are equally desirable for boilers operating 
under more conventional central-station and industrial loads. 
Other points become of greater or lesser importance, proportion- 
ate to the range and rapidity of load changes. The problem thus 
narrows down to an intimate study of the plant load cycle, a 
clear understanding of what happens in a boiler during the ex- 
pected changes in steam demand, and the solution of each prob- 
lem thus developed by common-sense design. 


Discussion 


A. G. Ericson.’ In this paper the author has capably ana- 
lyzed and co-ordinated the major design factors to be considered 
in building a boiler for operation under extreme load variations. 
The importance of a large heat-storage capacity, made available 
by substantially increasing the size of the main boiler drum and by 
increasing the weight of water carried below the working level, 
is readily appreciated. This feature perhaps marks the essential 
difference from boilers of standard design and is a fundamental 
requirement for stable operating conditions. The quantity of 
heat available for flashing of steam within the allowable pressure 
drop sets the maximum permissible time lag between start of 
higher steam output and corresponding increased furnace heat 
release following rapid load rises. As discussed in the paper, the 
larger quantity of water circulating also assures that unidirec- 
tional flow will be maintained during rapid load pickups, and the 
larger drum size allows the necessary leeway to offset variations 
in water level accompanying load swings, preventing water carry- 
over during load rises and entrance of steam to the downflow 
columns during load reductions. 

Installation of rapid and reliable control equipment is particu- 
larly important asthe time required for adjusting the burners, 
damper settings, feedwater flow, and fan speeds results in a heat 
deficiency that must be supplied by flashing, and extended lags 
result in proportionately greater steam-boiler temperature and 
pressure losses. 

- The author refers to the 450,000-lb per hr boiler in the No. 3 
powerhouse at Carrie Furnaces, Rankin, Pa., as an example of a 
quick-pickup boiler in the industrial field. Although the boiler 
was designed for this service, the extreme load variations origi- 
nally contemplated have not developed in actual operation. This 
powerhouse is the most efficient in the “Monongahela Valley 
Power System” of the Carnegie-Illinois Steel Corporation and 
functions as the major generating unit with an average load rat- 
ing of 85 per cent of rated capacity. Flexibility of operation is 
essential, for although the operators are informed in advance of 
general power requirements, there are inevitably some load swings 
that cannot be foreseen. 

Operation of this boiler, described by the author, through load 
swings of 100,000 lb per hr has been quite satisfactory. De- 
pending upon boiler-operating conditions at the time, the steam 
pressure will vary up to 50 psi and the steam temperature rarely 
varies more than 15deg F. The steam quality remains good and 
excessive variation in the water-level, geysering, or turbulence 
of the water body does not occur. Following a decrease in steam 
load, the temperature of the superheated steam is effectively 
regulated by a heat-exchanger type of control. This type of 
control has a slight disadvantage in imposing additional resist- 
ance to the flow of steam through the superheater, therefore 
causing a greater differential between boiler drums and line pres- 
sure. However, it is rapid and accurate and the high-tempera- 

¢ Chief Engineer, Homestead Steel Works, Carnegie-Illinois Steel 
Corporation, Munhall, Pa. 
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ture element of the superheater is protected against overheating. 

In this respect, it may be added that superheat is one of the 
most important items requiring control in the modern power 
plant. Excessive steam temperature is likely to cause damage 
through creep stresses or loss in tensile strength in both the piping 
and turbine parts. In addition, fluctuation in steam tempera- 
ture causes opening up of the joints in the high-pressure unit 
and steam ehest of the turbine, resulting ultimately in leaks. 

The benefits to be realized from careful and efficient applica- | 
tion of the design features discussed in this paper are dependent 
principally upon the degree of accuracy with which future load 
cycles are analyzed and power requirements foreseen. 


Dan Guttesen.” It is refreshing for an operator of a small 
sugar-refinery steam plant to learn that a condition can arise 
which requires a public-service plant to give thought to sudden 
large load fluctuations. Fortunately, the problem submits to 
logic and arithmetic in the hands of an experienced engineer. 
The sudden swings were once considered an unavoidable evil 
visited only upon the sugar-house engineer whose plant was be- 
set. with sugar boilers endowed with untold stupidity. The 
public-service plants, which set the pattern for steam-plant de- 
sign, accomplished an amazing job and made empirical design 
facts available to industrial plants long before the bondholders 
were repaid for the cost of their full-size research. In 1931, 
when the Pennsylvania Sugar Company in Philadelphia installed 
two boilers of 250,000-lb per hr capacity and 400 psi pressure, 
there was a limit to the size of forged drums, besides their cost; 
and welding had not become available. Accordingly, the boiler 
designer’s talents for meeting the specification of large and sudden 
swings did not include accumulator operation. That existed 
only in the good old Scotch marine boiler of revered memory. 
The design staff (to which the author was attached) answered our 
clamor for a steam flywheel by providing a six-drum design, two 
of the drums being on the economizer. The steam-separating 
drum was forged 51 in. in diam to suit an available mandrel. 

Under a premeditated test, with one boiler on base load at 400 
psi pressure, the second one was increased in output by 105,000 
lb per hr in 2 min with no pressure drop discernible on the gage, 
and with a rise of 6 in. in the water level. With the thoughtless- 
ness of the sugar-boiler operators this was improved. Early on 
a Sunday morning, as the demand tapered off, one boiler was shut 
down and then the boys phoned that the week-end job was com-- 
plete. Suddenly a large quantity of thin sweet water was found 
that required to be concentrated and the hour for adjournment was 
at*'hand. Without notice, the flowmeter skyrocketed. The 
steaming rate jumped from 75,000 lb per hr to 225,000 lb. in two 
minutes, accompanied by a 15-inch spear in the water-level chart. 
In a public-service plant such a jump in water level would wreck 
some turbine blades, but in a sugar refinery allowance is made 
for stupidity, which is a ‘gift from heaven.” Our plant is equipped 
with a steam accumulator which can provide an instantaneous 
supply of 40,000 lb of steam for the pans, but this “dinosaur egg’’ 
happened to be empty. 


H. J. Kuorz.8 The subject of this paper is most timely, as in- 
dicated by the recent increase in the number of proposed power- 
station installations required to operate under wide load varia- 
tions. The author is to be commended for his logical analysis 
of the problem and his clear-cut treatment of the various factors 
which have important influence on the successful operation of 
equipment under the severe conditions described. In fact, the 
success achieved in developments such as he has described has en- 


7 Parkmerced, San Francisco, Calif. 
8 Chief Power Engineer, Stone & Webster Engineering Corpora- 
tion, Boston, Mass. Mem. A.S.M.E. . 
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couraged operators, never noted for their backwardness in asking 
for the impossible, to demand even greater load changes in smaller 
time intervals. Whereas the Harbor Steam Plant is required 
to handle a load increase at the rate of about 10 to 1 in a matter 
of seconds, operating conditions on some utility systems make it 
desirable to increase the ratio to 20 to 1. The resourcefulness of 
boiler and other equipment manufacturers, as typified by the 
work behind this excellent paper, leads the operators to expect 
that the increased severity of their requirements will be met. 

Of the various factors involved, it would seem that all of the 
features described by the author, with the exception of the fuel- 
burning facilities, could be expected to be adapted without too 
great difficulty for the higher ratio of load increase. As pointed 
out in the paper, only gas and fuel oil are suitable for the mini- 
mum rates of firing required by installations of the type under 
consideration, and where. pulverized coal is the basic fuel, supple- 
mental use of the former fuels would be a necessity. A range in 
firing rates of 20 to 1 is a severe requirement which imposes seri- 
ous problems in the achievement of a satisfactory design for 
burning even such flexible fuels as gas and fuel oil. Also, in this 
connection, a furnace arrangement suitable for stable combus- 
tion at the minimum firing rates is of great importance, especially 
in cases where pulverized coal is to be the basic fuel. Mainte- 
nance of stable combustion of course is the factor which prevents 
pulverized-coal firing from having the required maximum load 
range without use of supplemental fuel. 


C. C. McKen.? The author has selected a subject that well 
deserves considerable attention; especially for those utilities 
which depend upon hydropower for the major portion or all of 
their electric supply. Usually in these systems, after installa- 
tions are complete, the cost of hydropower generation, particu- 
larly secondary or dump power, is lower in the hydroplant. For 
this reason the power produced from steam plants is held at a 
minimum to reduce fuel cost. Under such circumstances steam 
plants are required to operate at minimum loads or about enough 
power to supply all auxiliary drives. 

Then when a major disturbance occurs, such as loss of a trans- 
mission line, it is necessary for the steam plant to assume full 
load, without any previous warning, and with automatic con- 


trols to bring the steam generator into action, not only to meet 


all turbine requirements, but also to replace energy lost from the 
unit by the accumulator action while the automatic controls 
were bringing combustion and combustion equipment from low 
load to maximum capacity. 

There are points of interest shown in Fig. 3 which are not in- 
dicated in the text of the paper. A study of the pressure-drop 
curves shows there was a slight indication for a return to normal 
between 30 and 40 sec. This indication was shown to much bet- 
ter advantage when these curves were plotted to a larger scale. 
The further drop following this point was caused by the feed- 
heating system going into action at that time. This early in- 
crease of feedwater flow has been corrected and a recent test for 
quick pickup indicates that increased flow of feedwater was de- 
layed for about 1!/, min after application of load. There was 
little, if any, secondary pressure drop; however, the load picked 
up was less than that shown in Fig. 3 by about 5000 kw. 

There is no rebuttal to the question that the boiler for such 


- service must be designed to meet-the severe demands; but auto- 


matic controls must.also come in for their share of praise in their 
ability to be adjusted, timed, and synchronized to bring all steam- 
generating equipment to overload capacity in less than 25 sec. 
Another interesting item which was checked in particular in 
our recent quick-pickup test is that the temperature of the feed- 


~ § Mechanical Engineer, Department of Water and Power, City of 
Los Angeles, Calif. E 


water entering the economizer was higher than that leaving, by 
some 10 deg. In the test data obtained for the curves in Fig. 3 
the temperature readings for economizer feedwater in and out 
were read and indicated this condition, but they were considered 
unreliable. There was a reluctance to show this condition before 
checking it thoroughly. During the recent test this particular 
item was checked carefully, with the result that there is no hesi- 
tancy in saying that for a period of 2 to 21/2 min, the tempera- 
ture of the incoming feedwater is actually higher than the out- 
going feedwater from the economizer. Our estimate of the reason 
for this condition is that it takes about that long to move the cold 
water through the economizer. 


W. C. Rowsz." The writer, who is in charge of the Steam 
Design Section of the Los Angeles Department of Water and 
Power, set forth the fundamental requirements for a steam plant 
which must operate in parallel with hydroelectric plants in an 
article which appeared"! before the first unit of the Harbor Steam 
Plant went into operation. In that article it was stated that the 
plant should have the ability to operate over a wide range of load 
factors with reasonably good economy and in addition, the 
ability to pick up full load instantly when floating on the line at a 
light load, which latter requirement affected the design of the 
boiler. 

In his paper the author clearly sets forth the boiler-design 
problems and how they were solved, together with the results of 
the first quick-pickup test with special fast-recording instruments 
made on October 12, 1944. The writer’s discussion of the paper - 
will consist of a brief statement of actual experience in operation. 

Following the usual ups and downs incidental to placing a new 
unit in operation, particularly the first unit of a new plant, by 
March 1, 1944, the plant settled down to regular operation, ex- 
cept for the 4000-kw house turbine-generator unit which was 
appropriated by the Federal Government and shipped to Russia. 
Since that date the plant has been subjected to all kinds of loads 
from a minimum output of 64,000 lb of steam per hr continuously 
to a maximum output of 723,000 lb of steam per hr for 1 hr, all 
under full-automatic control with all burners on and including 
quite a few cases of quick pickup of load in emergencies. The 
most publicized of these was the occasion on March 18, 1946, 
when two airplanes collided, cutting conductors on two circuits 
from Boulder Dam, thus cutting off 300,000 kw of generating 
capacity furnishing energy for the total load of 533,000 kw being 
carried at that time. Although the frequency at the Harbor 
Steam Plant dropped momentarily to 40 cycles and continued for 
10 min at 50 cycles, which shut down the fans three times, the 
plant picked up 55,000 kw immediately and 75,000 kw within a 
few minutes and carried this 75,000 kw for 1 hr. The value of 
the accumulator effect of the boiler was abundantly demon- 
strated by the ability of the boiler to supply steam even during the 
fan outages. These fan outages were due partly to the low fre- 
quency of energy for auxiliaries which will not occur again be- 
cause the turbine-driven house generator is now installed, and 
partly to the setting of the protective thermorelays on the fan 
drives, which latter has been corrected. Since March 1, 1944, 
the only unscheduled outages of the steam-generating unit were 
for three leaks in economizer welds which were repaired over week 
ends. 

An exhaustive test was made of this boiler during the first part 
of 1944, under the supervision of Mr. Sheppard T. Powell, pri- 
marily to check circulation and to recommend boiler-feedwater 


10 Engineer of Steam Design,, Department of Water and Power, 
City of Los Angeles, Calif. Mem. A.S.M.E. 

11 “Some Features of the Harbor Steam Plant of the Los Angeles 
Bureau of Power and Light,” by W. C. Rowse, Mechanical Engineer- 
ing, vol. 64, 1942, pp. 773-776. 
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treatment and control procedures. At first a total of over 100 
readings and analyses were made on each shift. As knowledge 
of the circulatory and other characteristics of the boiler increased, 
some of these readings and analyses were discontinued until, 
after about 6 months, a normal feedwater-control procedure was 
evolved.’ One important result of these tests was to demonstrate 
clearly that the boiler had been properly designed especially as 
to positive circulation and delivery to the superheater of steam 
of the required purity. 

On April 24, 1946, the installation of the 4000-kw house tur- 
bine was completed, and on May 8, 1946, a quick-pickup test was 
made, with adjustments to the automatic controls which resulted 
in holding back boiler feedwater longer, and in faster opening of 
the fuel-oil valve. The method of increasing the load instantly 
is interesting. One unit at Boulder Dam was loaded with the 
exact load which the Harbor Steam Plant was to pick up. The 
4000-kw turbine-generator unit at the Harbor Steam Plant 
was carrying the auxiliaries, the main turbine-generator unit was 
carrying 10,000 kw on the low governor block, the high governor 
block was set for the load to be picked up and the governor was 
set for a slightly higher speed than 3600 rpm. When the circuit- 
breakers at the Boulder unit were opened, the momentary drop 
in system frequency tripped the low block on the Harbor unit 
which picked up the load instantly with only a momentary change 
in system frequency. Although the load picked up (48,000 kw) 
was not as large as the engineers desired, the results showed a 
great improvement in every way over the previous test of Octo- 

-ber 12, 1944. The time required for return to normal conditions 
was shorter, and the maximum steam temperature lower (only 
925 F at turbine throttle) than the previous test. It should 
be noted that both tests were made under full automatic con- 
trol. 

The over-all efficiency of the plant has been better than the 
expected efficiency. A Willan’s line, in which barrels of oil per 
month are plotted against kilowatt-hours net output per month, 
results in a formula of 5250 bbl of oil (6,250,000 Btu per bbl) per 
month for zero net output plus incremental oil at the rate of 595 
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kwhr net output per barrel of oil. This results in an over-all 
efficiency of 11,250 Btu per kwhr net output at rated capacity 
(62,000 kw net output), as compared with an expected value of 
11,400 Btu. . 


AuTHOoR’s CLOSURE 


It is very gratifying to have the correctness of the conclusions 
reached with this paper verified by the actual performance ex- 
periences with quick load pickup boilers reported by Mr. Rowse, 
Mr. McKee, and Mr. Ericson. These discussers’ comments are of 
specific interest because they point the way to further improve- 
ments in steam plants required to operate under unusual load 
conditions. 

Progress in any field is gradual and if the steps forward are not 
too large the result of the future step can be predicted with 
reasonable accuracy by the experience with the present. A boiler 
load increase of 1 to 10 taking place in a few seconds and without 
trouble was considered quite hazardous only a relatively short 
time ago. Mr. Klotz mentions the future requirement for load 
pickups in the ratio of 1 to 20. A safe boiler design for this con- 
dition is today entirely feasible if the Harbor Steam Plant experi- 
ences are made the basis for this next step. 

Mr. Gutleben’s reference to the human element in steam plants 
points to the importance of the correctly designed complete auto- 
matic-control system mentioned by Mr. McKee, but the steam- 
plant operator is well advised not to take the designation ‘‘auto- 
matic” too literally. Automatic control cannot replace human 
thought. It is especially important in plants subjected to ex- 
treme load variations that the men in charge know intimately the 
sequence of the various operations normally performed by the 
controls. The operators must be trained to take over and operate 
manually in case of failure of the automatic controls. Several of 
the pickup tests referred to by Mr. Rowse were performed to ac- 
quaint the Harbor Plant operators with all that can happen during 
a bona fide pickup and to instill confidence in the equipment. 

The valuable supplementary data and information supplied by 
the discussers are gratefully acknowledged. 


Acid-Cleaning of Boilers and 
Auxiliary Equipment 


By S. T. POWELL,! BALTIMORE, MD. 


Acid-cleaning of equipment has been demonstrated over 
a long period as a useful and economical means for remov- 
ing encrustations from boilers and many other types of 
power-plant equipment. This paper explains the use of 
various cleaning reagents and inhibitors, the procedure 
which should be followed, and the precautions to be taken 
to safeguard both personnel and equipment from the 
hazards inherent in the process. 


HE use of acid to remove deposits from metallic surfaces 

has been practiced for many years and in widely divergent 

industries. Such processes have been and still are ex- 
tensively employed for the removal of mill scale from sheets, 
plates, tubes, and other products in mills making steel and copper 
alloys, and enormous quantities of acid are used for such services. 
The economy and speed gained in removing deposits in this 
manner have directed attention to many applications, and the 
treatment has been extended to the cleaning of oil wells, water 
mains, heat-exchange equipment, boilers, and other equipment. 
The extensive acidizing of oil wells to improve yields, by removing 
deposits and opening the formations, did much to attract interest 
and suggest other applications. 

One of the most interesting acidizing projects,? which was 
performed more than 25 years ago, was the cleaning of the entire 
piping system in The Bankers Trust Building in New York City, 
a 35-story office building. After 12 years of service the pipe 
lines throughout the structure were seriously clogged with corro- 
sion products. It was estimated that repiping would cost from 
$100,000 to $300,000 and could be done only at serious incon- 
venience to the tenants. Sections of the piping system were 
cleaned by means of inhibited muriatic acid in about 8 hours, after 
the offices were closed on Saturdays. It is surprising that this 
novel method of cleaning pipe lines did not receive more wide- 
spread interest at that time since the basic principle of the pro- 
cedure has much merit. It is obvious that removal of deposits is 
merely a temporary expedient and must be followed by other 
forms of corrective treatment to avoid their recurrence. 

The removal of scale from boiler surfaces was a logical develop- 
ment after the practical application of acidizing for other uses 
was demonstrated. The most rapid expansion of this method of 
boiler cleaning, however, has occurred within the past 4 or 5 
years because of the need for reducing boiler outages to a mini- 
mum, and because of the shortage of labor during the war period. 
The effectiveness of acid cleaning is demonstrated in Fig. 1 
which shows the heavily encrusted tubes of a chemical evapora- 
tor. Fig. 23 shows the same evaporator after being cleaned. 


1 Consulting Chemical Engineer. Mem. A.S.M.E. 

2“Removal of Rust From Pipe Systems by an Acid Solvent,’ 
by F. N. Speller, E. L. Chappell, and R. P. Russell, Trans. A.I.Ch.E., 
vol. 19,1927, pp.165-171. 

3 Reproduced by permission of The Dow Chemical Company, 
Midland, Mich. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Detroit, Mich., June 17-20, 1946, of Tam AMreRICAN 
Socinry or MEcHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


Thousands of boilers and miscellaneous equipment units have 
been cleaned by acid during the last few years and a majority of 
these treatments have been successful. It is a recognized fact, 
however, that even though inhibitors may be used, these com- 
pounds do not completely prevent corrosion, but merely reduce 
the rate and extent of the attack. Under ordinary conditions the 
corrosion of the surfaces is relatively minor if an effective in- 
hibitor is used, if the temperature is satisfactorily controlled, the 
contact time limited, and subsequent washing out and neutraliza- 
tion of remaining acid properly performed. 

Considering the large number of boilers which have been acid- 
cleaned, there have beén only a relatively few cases where notice- 
able corrosion has taken place; however, there is no accurate rec- 
ord of the extent to which all acid-treated equipment has been 
corroded. From our personal experience we are inclined to be- 
lieve that where the temperatures have been properly maintained 
and if the acid was thoroughly removed from the surfaces after 
cleaning, the extent of attack has been minor, and repeated 
acidizing may be undertaken without seriously damaging equip- 
ment. The primary object of this paper is to direct attention to 
the potential possibility of serious damage if the work is per- 
formed carelessly and without proper regard to precautionary 
measures required to insure satisfactory results. 

Although acidizing of boilers is most widely practiced in power 
plants, still there are many other applications in this field. 
These may be broadly classified as follows: 


1 Boilers, economizers; superheaters. 

2 Deaerators, vent condensers, and stage heaters. 

3 Surface condensers and heat exchangers. 

4 Feedwater-treating equipment. 

5 Valves and miscellaneous equipment. 
Each of these applications requires special study and the treat- 
ment must be selected and applied to meet the conditions encoun- 
tered. 


MecHanisM oF EFFEcT OF INHIBITORS ON ACID CORROSION 


There are two general concepts regarding the mechanism by 
which inhibitors protect steel or other metals when in contact 
with acid solutions. One group of investigators‘ suggests the 
following mechanism: Iron goes into solution at the anodic 
regions, forming ions, while hydrogen is discharged in equivalent 
amount at the cathodic areas. The cathodic areas occur princi- 
pally in the narrow spaces of grain boundaries in steel or between 
the slag and metal in wrought iron. Most inhibitors are bases or 
positively charged colloids which, when present, travel to the 
cathodic areas and are deposited and adsorbed on the surface. 
The electrochemical process is stopped when the reaction at 
either pole is stifled, and the inhibitor thus retards corrosion. It 
has also been stated that the presence of the inhibitor raises the 
hydrogen overvoltage above any potential which can exist in 
the acid-metal system. 

A second explanation is that the inhibiting compounds serve 
to blanket the entire metal surface by a protective layer of the 


4“The Electrochemical Action of Inhibitors in the Acid Solution 
of Steel and Iron,” by E. L. Chappell, R. E. Roetheli, and B. Y. 
McCarthy, Industrial and Engineering Chemistry, vol. 20, 1928, pp. 
582-587. 
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Fiq. 1 


ScaLe on Evaporator TuseEs, Berore Acip-CLEANING 


organic compound used. This occurs as simple adsorption of 
the inhibitor ions on the metal surface, through the nitrogen atom 
which is a component in most organic inhibitors. The stereo- 
chemical structure of the inhibitor determines its effectiveness be- 
cause the structure controls the degree of concentration that will 
occur. 

Others have gone further and contend that inhibiting sub- 
stances form a nonpermeable blanket through which the hydrogen 
cannot diffuse and which is limited to the metal surface, as con- 
trasted to the oxide surface. 

One investigator has submitted data to show that the action of 
inhibitors cannot be explained by the electrochemical or over- 
voltage theory nor by the formation of an impervious pore-free 
film on the oxide-free metal surface. Test results have been sub- 
mitted to indicate that inhibitors are adsorbed simultaneously on 
both metal and oxide surfaces; however, the concentration is 
heavier on the clean metal surface. The film which forms in- 
creases the electrical resistance from liquid to metal, but the film 
is porous, being built up of molecule aggregates or micelles spaced 
closely together, similar to a pincushion filled with pins. The 
theory developed from ‘these studies is that the long-chain 
molecules thus form long narrow channels similar to capillaries or 
gel structures. This condition is reflected in reduced diffusion 
velocity and migration velocity of the hydrogen and sulphate ions 
which are active in the corrosion of iron in sulphuric acid. The 
net result is a reduction in the corrosion of the metal, and inas- 
much as a more concentrated film is present at the clean metal 
surface, the oxide is attacked relatively faster than the metal. 
This results practically in removal of the oxide and preservation 
of the metal surface. 

It has been contended that the corrosion of some boilers during 
cleaning with inhibited hydrochloric acid is due largely to the 
formation of ferric chloride which, in itself, is a highly aggressive 
salt and against which the common inhibitors are not effective. 


Fie. 2 Conpitron or EvAPporAToR TuBES, SHOWN IN Fic. 1, Arrer 
ACIDIZING 


According to this theory the inhibitors will retard the electro- 
chemical reaction involving the displacement of the hydrogen of 
HCl by iron, but they will not prevent the oxidation-reduction re- 


actions by which ferric chloride oxidizes metallic iron and copper - 


to the ionic form. If metallic copper is in the sludge, ferric chlo- 
ride attacks it as it does iron, producing cupric chloride which is 
also an oxidizing agent and a second source of trouble. It is held 
that the plating out of copper, or its solution to form a chloride, 
depends upon concentrations of the various ions present. 

To limit the concentration of ferric chloride it has been sug- 
gested that the solution be constantly circulated and thereby 
avoid raising the ferric chloride to a level where active attack is 
possible. There is no assurance that circulation will bring about 
this desirable condition. If ferric chloride pockets or otherwise 
concentrates at surfaces and remains in a quiescent or semiquies- 
cent state, it may react more slowly if only diffusion is available 
to carry away and remove the products of the reactions. 

To support the foregoing theory, corrosion has been produced 
experimentally with dilute solutions of ferric chloride containing 
no hydrochloric acid except that resulting from hydrolysis. 

It should be pointed out that if inhibitors retard corrosion by 
covering the entire surface and preventing contact with the acid, 
they should be equally effective against solutions of ferric or cu- 
pric chloride. If the impervious-film theory of inhibitor mechan- 
ism is correct, any specific Vulnerability of the film to certain 
solutions would seem doubtful, but if the film leaves certain areas 
exposed, they could be attacked by oxidizing agents in the ab- 
sence of an opposite electrode reaction. It is a known fact that 
inhibitors do not give complete protection, and the actual over-all 
attack which occurs may no doubt be aggravated by oxidizing 
agents. Whatever the role of ferric chloride and copper may be, 
it remains true that with proper care equipment can be acidized 
repeatedly without hazard. 
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PracticaL Errect or Acip-CLEANING ON BoILeR STEEL 


Studies of metal which has been repeatedly acid-cleaned show 
that some corrosion occurs each time, but the rate of attack is 
not sufficiently rapid, generally, even after many cleaning cycles, 
to cause serious concern. In some instances acidizing has been 
blamed for active attack on the metal when this treatment has 
not actually been responsible but has merely revealed the pres- 
ence of corrosion which occurred previously and passed unnoticed 
because the pits and surface etching were filled and coated over 
with iron oxide or encrustations which the acid removed. 

The effect of acidizing may be best evaluated by meticulously 
cleaning the surfaces before the acidizing, either by wire-brushing 
or local application of weak acid, and inspecting the metal for 
pitting, under low magnification and with tangential illumination. 
The same surface should be similarly cleaned and inspected after 
the entire unit has been acidized. The pitting shows up on 
stressed metal, hence for these inspections it is best to select the 
rolled ends of boiler tubes, the heads or nuts of highly strained 
bolts, the bends of angle irons, welded zones, ete. In most cases 
such scrupulous before-and-after inspections have not been made 
owing to the need for returning the equipment to service as 
quickly as possible after the cleaning has been completed, or be- 
cause the operators were unaware of what to look for. 

It is a well-known fact that the rate of attack on metals by 
acid or any other electrolyte is greatly affected by the internal 
stresses in the material. Examination of boilers which showed 
corrosion after acid-cleaning demonstrated that the most severe 
attack was on metal which had been greatly stressed. This con- 
dition was particularly pronounced on the flared end of tubes 
where stresses of large magnitude occurred as the result of cold- 
rolling. This is illustrated in Fig. 3 which shows the “honey- 
comb” type of attack that is characteristic in units where corro- 
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Fig. 3 Corrosion Rzesuitinec From Acip ArTack ON STRESSED 
Meray at Furarep Enp or Cotp-RoLitep TUBE 
(A,- This shows honeycomb type of attack.) 


sion developed during acid-cleaning. A photomicrograph of a 
section of tube which has been attacked by acid is shown in Fig. 4. 
The honeycomb or lace form of deep pitting is more clearly de- 
monstrated by the photomicrograph. Inspection of numerous 
boilers has further demonstrated that cold working of the metals 
used in the fabrication of internal appliances within the drum are 
also readily attacked by inhibited acid, even when the unstressed 
metal has shown no corrosion. 


Fic. 4 PHoromrcroGRAPH or Section or Boitpr Tuse TAKEN 
From Roititep Enp, SHowrnc Honeycoms Arrack Durine AcIp- 
CLEANING 


This type of attack has been observed by the author in a num- 
ber of installations. Some of the boilers referred to had been 
acid-cleaned and the temperature of the acid solution was rela- 
tively high. In one case the attack was probably due to the 
effect of an acid contaminant in the feedwater and not to acid- 
cleaning. The pattern of the corrosion, however, was identical 
to the type and pattern of attack which was noted in acid- 
cleaned boilers. This occurrence tends to demonstrate that all. 
corrosion of tube ends may not be the result of acid-cleaning, but 
may have resulted from some contaminant present in the feed- 
water. This observation suggests the need for an intensive in- 
vestigation to determine all conditions which may be responsible 
for corrosive attack, and the avoidance of unwarranted criticism 
of acid-cleaning, which in the final analysis may not be responsi- 
ble. 

Some concern has been expressed as to the possible intercrystal- 
line attack on steel due to the penetration of hydrogen into the 
steel during or subsequent to acid-cleaning. Although relatively 
large amounts of hydrogen may be generated during the cleaning 
period, investigations have shown no attack on the intercrystal- 
line structure or any evidence of embrittlement attendant with 
such form of corrosion. Such investigations have not been ex- 
tensive, still it seems reasonably safe to predict that embrittle- 
ment will not occur if temperature and strength of acid used is 
within the safe limits, and if the acidized units are thoroughly 
washed and acid adhering to the surfaces is completely neutral- 
ized. 


Facrors INFLUENCING EFFECTIVENESS AND SAFETY OF ACIDIZING 
EQUIPMENT 


There are numerous conditions which require control during 
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acidizing of any equipment in order to insure effective removal of 
encrustations from the surfaces and a minimum of corrosive at- 
tack on the metal. It is not possible to list specifically all of the 
many conditions which may be encountered, since there are a 
multitude of variables which may alter the effectiveness of the 
acidizing process. In general, however, the items which should 
be considered, and controlled if possible, are as follows: 


1 Composition and concentration of acid. 

2 Nature and composition of inhibitor. 

3 Additional chemicals employed for their wetting, catalytic, 
or special solvent properties. 

4 Temperature of the metal and of the solutions. 

5 Circulation, mechanically induced or by diffusion. 

6 Composition of the metal. 

7 Physical and chemical composition of the scale to be re- 
moved. 

8 Procedure followed, from taking equipment out of service 
through removal of acid and washing down and neutralization of 
acid remaining on the surfaces after treatment. 


Time does not permit complete discussion of all the foregoing 
items, nor would it be appropriate to elaborate on all of them 
here, since many of them involve complex chemical reactions 
which are outside the scope of this paper. However, there are 
certain items in the list which may be profitably discussed as 
they are of interest to mechanical engineers and others responsible 
for acidizing of power-plant equipment. 

Type and Concentration of Acidizing Solution. It is a common 
misconception that the cleaning of equipment requires merely the 
addition of a mineral acid, to which has been added a chemical in- 
hibitor for the purpose of slowing down the rate of attack on 
metal surfaces. In some cases such treatment may effect the 
desired results provided temperature control and other conditions 
are adequately maintained. There are, however, certain types 
of encrustations occurring in boilers, condensers, and heat ex- 
changers which completely resist solution by muriatic, sulphuric, 
or other common mineral acids. For instance, the silicate, sul- 
phate and other scales, either alone or combined with other types 
of encrustations, are not appreciably soluble in muriatic acid. 
Where such compounds are encountered, hydrofluoric acid or 
other sources of the fluoride ion must be used to insure their re- 
moval.® Certain metallic deposits also resist solution, and 
where such are present, specific solvents must be employed. If 

* oils or greases are encountered, special solvents are necessary for 
their removal, and effective acidizing results cannot be secured 
without first removing such materials.® 

Experience has demonstrated, also, that in addition to the in- 
hibiting chemicals, other compounds improve the effectiveness of 
the acidizing process. Most of these treatments involve trade 
secrets, and their use and application are the result and outgrowth 
of research and development, coupled with practical experience 
over a wide range of conditions encountered. 

The strength of acid to be used should be governed by the time 
available for cleaning the equipment and the chemical composi- 
tion of the acidizing solution. In the past the strength of the 
acid employed has been as high as 15 per cent. Recently, how- 
ever, there has been a marked trend to the use of acid of lower 
strength, even though the cleaning takes more time. Concentra- 
tions now generally used are from 4 to 7 per cent. 

Composition of Inhibitor. The technical literature on the sub- 
ject of acid-cleaning and pickling of metal contains a long list of 
organic and inorganic substances which have been used as in- 

5 “Chemical Removal of Scale From Heat-Exchange Equipment,” 
by F. N. Alquist, C. H. Groom, and G.F. Williams, Trans. A.S,M.E., 


vol. 65, 1943, p. 719. 
6 “Scale Removal by Chemical Means,” by M. E. Brines, Power 


Plant Engineering, vol. 44, May, 1940, p. 47. 
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TABLE 1 PARTIAL LIST OF MATERIALS USED OR INVESTI- 
GATED FOR INHIBITING CORROSION OF METALS BY ACIDS 
Niter cake Aniline 
Sumac leaves Pyridine 
Formaldehyde Coal-tar extracts 
Glue Slaughterhouse wastes 
Flour Ethyl iodide 
Starch Paramethylaminopheny] sulphate 
Gelatine Carbozole 
Glucose Cyanide 
Thiourea Quinoline ethiodide 


Arsenious oxide Barium salts 


Nore: The inhibiting effect of the compounds listed, and many other 
substances, varies greatly as does their cost and availability. Some of these 
materials possess slight inhibiting value and some are dangerous to use. No 
inhibitor should be employed without specific information as to its effective- 
ness and the potential hazard involved in its use. 


hibiting agents to repress the attack on the metal, but which will 
permit the solution or removal of oxides or other deposits on the 
surface. A partial list of some of the materials which have been 
used is shown in Table 1. This list includes only a very small 
percentage of compounds which are available or have been em- 
ployed. Actually, there are thousands of organic and inorganic 
substances which are known to have inhibiting properties. The 
relative effectiveness of these products varies widely, and they 
have specific adaptabilities for different services. Most in- 
hibitors are harmless, but others are hazardous and should not be 
used. In this group are compounds of arsenic, cyanide, and some 
of the coal-tar by-products. At least one fatality has occurred 
from the use of an arsenic inhibitor. Operators should be warned 
against such materials and be informed of their potential danger. 

Practically, the selection of the inhibitor should be left to ex- 
perts in this field, who should be advised in complete detail about 
the design of the equipment and the physical and chemical nature 
of the deposit to be removed. Organic inhibitors are marketed 
for cleaning operations (such as pickling) which can safely be 
handled by plant operators. For complex jobs involving major 
equipment units of the magnitude of boilers and heat exchangers, 
it is best to rely on the experienced contractor performing the 
work to select and prepare the acid solution, if the operating per- 
sonnel in charge of the plant are not informed on the subject. 

Temperature. Possibly the most controversial factor with re- 
gard to acidizing is thetemperature at which the process is carried 
out, and there is fairly definite evidence that corrosion has 
occurred in a number of instances where temperatures have been 
high during cleaning. Many boilers have been cleaned at tem- 
peratures ranging from 170 to 180 F, and in one case the tempera- 
ture was well above the boiling point of the solution and much 
damage was done. It is a known fact that the inhibiting effect 
of all chemicals used for retarding corrosion in acid solutions is 
rapidly reduced as the temperature is elevated. As the result of 
corrosion of equipment by acidizing at too high temperatures, 
there is now a trend toward maintaining the temperature of solu- 
tion during the cleaning period between 140 and 160 F. If 
sufficient time is allowed for the cleaning, proper removal of the 
encrustations can ordinarily be effected at the lower tempera- 
tures. . 

In Fig. 5 is shown the extent of corrosion which occurred on 
the face and edge of caps in waterwall headers. It is probable 
that the relatively high temperature was responsible for the 
condition. 

Circulation. Various schemes have been used requiring special 
equipment for applying the cleaning solution to the boiler. In 
some instances the operators merely inject the chemical into the 
top drum, while others prepare the solution in a tank and pump 
it into the boiler and recirculate from the tank back into the 
boiler. In the final analysis there is not now available sufficient 
evidence to prove that, either circulation of acid by means of a - 
pump, or circulation induced merely by diffusion current is a pref- 
erable scheme to use. Both procedures have been followed, in 
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Fic. 5 Corrosion on Face anv S1pz or Cap SHowine HonEyYCOMB 
Type or ATTACK 


large groups of boilers cleaned, without active corrosion occurring 
in either case. 

Composition of Metal. The composition and the cleanliness of 
the metal are important factors in resisting or accelerating corro- 
sion during acidizing of equipment. It has been observed re- 
peatedly that low-grade steel containing slag inclusions or other 
impurities has been readily attacked during acid-cleaning, while 
the drum and tubes were not affected. In one installation the tops 
of practically all the acorn nuts used in the fabrication of the 
internal baffles were destroyed, and a similar condition was noted 
in a number of other units. To what extent the acid was re- 
sponsible has not been fully determined, but it undoubtedly 


accelerated the rate at which the metal was attacked. It is a 
well-known fact that the material from which such nuts are con- 
structed is low-grade metal, as might be expected, especially 
during the war years. 

Ordinarily, black iron pipe, especially if cold-worked, is readily 


Fic.6 Nuippire Corropep Durine AcrpizinG, ILLUSTRATING EFFECT 
or Acip on Low-Grapr STEEL CoNnrTaAINING SLAG AND OTHER 
IMPURITIES 


Fic. 7 Corrosion or ManHoLE Cover SHowine Drrp SuRFACE 
Corrosion BY Actp ATTACK 


(Exact cause for selective corrosion not accurately determined but probably 
presence of slag inclusions or change in metal structure due to flame-cutting. 
Note wasting and honeycomb type of attack.) 
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TABLE 2. TYPES OF DEPOSITS WHICH HAVE BEEN FOUND IN BOILERS, 
AUXILIARIES, AND MISCELLANEOUS POWER-PLANT EQUIPMENT 


Group A Boiler and Superheater 


Principal Mineralogical Formula determined 
ion Common name name by x-ray analysis 

Barium Barium carbonate Witherite BaCOs 
Barium sulphate Barite BaSO, 

Calcium Calcium carbonate Calcite BCaCOs 
Calcium sulphate Anhydrite CaSO. 

Calcium sulphate Hemihydrate CaS0O.4.0.5H20 
Calcium hydroxide Ca(OH)2 
Calcium phosphate Hydroxyapatite Ca10(OH)2(POu)6 
Calcium phosphate Whitlockite BCasP2 

Magnesium Magnesium hydroxide Brucite Mg(OH): 

Sodium Sodium sulphate Thenardite NazSO.(V) 

Silicates Silicon oxide Quartz SiO2 
Sodium-iron-silicate Acmite Na2O.Fe203.48i02 
Sodium-alumina-silicate Analcite Naz0.A1203.48i02.2H20 
Sodium-alumina-silicate Natrolite NazAlsSisO10.2H20 
Sodium-alumina-silicate Noselite NasAlsSisO21.SOu F 
Sodium-calcium-silicate Pectolite Na20.4Ca0,.6Si02.H20 
Calcium silicate Wollastonite BCaSiOs 
Calcium silicate Xonotlite 5CaOsSiOz.H20 
Calcium-alumina-silicate Cancrinite 4Na20.CaO.4Al20s. 

2C029S8i02.8H:0 
Magnesium silicate Serpentine 3Mg0.28i02.2H20 

Iron Tron oxide Ferrous oxide FeO 
Iron oxide Hematite Fe203 
Iron sulphide Triolite FeS 

Group B-_ Condenser, Evaporator, and Heat Exchanger 

Calcium Calcium sulphate Anhydrite CaSO. 

Calcium sulphate Gypsum CaSO.s.2H20 
Calcium carbonate Aragonite CaCOs 
Calcium-sodium-silicate Pectolite 4CaO.Na20.6Si02, H2O 
Calcium-magnesium- 

carbonate Dolomite CaCO3z.MgCOz 
Calcium fluoride Fluorite ak, 

Copper Copper sulphide CuS 
Copper carbonate Malachite CuCOs3.Cu(OH): 
Copper iron sulphide CuFeS 
Copper oxide Cuprite Cu20 

Magnesium Magnesium silicate Forsterite Mg2SiOg 
Magnesium hydroxide Mg(OH)2 
Magnesium silicate Serpentine 3Mg0.2Si02.2H:0 

Iron Iron oxide Magnetite FesOs 
Iron oxide Goethite Fe203.H20 

Sodium Sodium-aluminum-silicate Noselite NasAleSieO2s.SOu 

Group C Steam and Condensate Line 

Ammonia Ammonium bicarbonate Teschemacherite NHsHCOs 

Tron Iron carbonate Siderite FeCOs 

Sodium Sodium sulphate NasSOx (IIT) 

Group D Miscellaneous Power Plant Equipment 

Calcium Calcium carbonate Calcite BCaCOs 
Calcium carbonate Aragonite , ACaCOz 
Calcium aluminate 3Ca0.Al203.6H20 
Calcium phosphate Phosphate CazP20s.H2O 

Magnesium Magnesium hydroxide Brucite Mg(OH): 

Group E Turbine Me 

Copper Copper sulphite Chalcocite Cu2S 

Nickel Nickel oxide Bunsenite NiO 

Silicates Silicon oxide uartz SiOz 
Silicon oxide ristobalite SiOz 
Silicon oxide Opal SiO2 

Sodium Sodium sulphate Thenardite Na2S0,(V) 
Sodium-carbonate- : 

sulphate Burkeite NazCOs.2Na2SOx 
Sodium chloride Halite NaCl 


attacked by acid even though better grades of metal show no 
visible attack. The type and extent of the attack are illustrated 
in Fig. 6. This shows a nipple used as a spacer in the construc- 
tion of internal baffles in a boiler which had been acid-cleaned. 
An identical type of corrosion was observed in a number of other 
units employing the same grade of material. 

Corrosion of such parts in boilers or in other equipment is not 
of major importance and is presented here merely to illustrate 
the susceptibility to corrosion by acid when the metal in contact 
with the solution is not metallurgically clean. 

Active corrosion occurred on manhole covers in two boilers 
operating under different conditions. The pattern of the attack 
is shown in Fig. 7. In one instance*it was indicated that the 
metal may have been fairly hot when the boiler was acidized. In 
the second case the unit was relatively cold, but the feedwater had 
been contaminated with an acid compound prior to acidizing. 
It is believed that the condition of the surface of the metal may 
have made it more susceptible than other portions of the boiler. 
These conditions were noted on boilers supplied by different 
manufacturers. 


Composition of Deposits. Table 2? shows a number of scales 
which have deposited in boilers and-appurtenant power-plant 
equipment. Frequently such scale will be composed of several 
formations, each having specific solution characteristics. Fur- 
thermore, the composition and extent of the deposit will vary 
widely in different positions of the same equipment. This condi- 
tion is demonstrated by the analysis of the encrustations removed 
from tubes in two sections of the same unit. 

Procedure for Acid-Cleaning Boilers. There is no standardized 
procedure for acid-cleaning of equipment and no standard solu- 
tion may be employed. It is obvious that the treatment must be 
guided and adjusted to meet the many variables encountered. 
Where the work is performed by a commercial company, the job 
is taken by contract and the contractor furnishes all the necessary 
appliances and the material for the complete acidizing, including 
washing down and neutralizing the residual acid when the clean- 
ing of the equipment has been completed. Generally, it is pref- 
erable to have the work done by a trained and experienced con- 
tractor rather than to attempt the work by local operators, unless 


7 Acknowledgment is made to Dr. F. N. Alquist, of The Dow Chemi- 


cal Company, who supplied much of the data included in Table 2. 
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the necessary trained personnel have been developed who can 
employ the proper technique for effective cleaning and prevention 
of the industrial hazard involved in such work. 

The program of operation which is usually followed when 
cleaning boilers consists of the following steps, in the order given: 


1 Drain the unit, cool, and inspect. 

2 Adjust the temperature of the metal to the desired level 
by the addition of feedwater. 

3 Drain. 

4 Fill with inhibited acid. 

5 Soak for a predetermined period. 

6 Continue tests to determine reduction in strength of acid 
If concentrations drop rapidly and continue to fall, draining and 
refilling with the solution may be required. 

7 When soaking period is completed, drain the unit. 

8 Flush two or three times by pumping feedwater into unit 
and draining as the pH of the test samples indicates the necessity. 

9 When flushing is completed, drain boiler and refill with 1 
to 2 per cent solution of alkali (soda ash or caustic soda). 

10 Drain, then fill with feedwater above the level in the top 
drum which was reached by the acid, and then drain to the normal 
water level. 

11 Heat with a slow fire and steam at 10 to 25 psi for 2 hr or 
more. 

12 Empty boiler completely if unit is to bé inspected, other- 
wise lower concentration to desired point by blowing down, fur- 
nishing feedwater as required. 


Whenever possible, boilers should be drained and inspected 
after acidizing, and a record kept of the condition of the surfaces 
for future reference and comparison with conditions observed at 
subsequent inspections. 

There may be many deviations from the foregoing operation, 
but the general plan is indicative of the steps which should be 
followed to lessen the danger of corrosion. 


‘ Hazarps 


Since all mineral acids are highly corrosive, especially when 
concentrated, it is obvious that much care should be exercised to 
protect both the personnel performing the work and the equip- 
ment which is being cleaned. If the‘treatment is carried out by 
experienced operators who are cognizant of the dangers involved 
and take the necessary precautionary measures, the resulting 
hazards should be negligible Aside from the danger of the corro- 
sive characteristics of the acid, the treatment involves a very 
definite hazard of fire and explosion if the hydrogen generated is 
not effectively removed and steps taken to prevent its discharge 
into the atmosphere. Extreme care should be used, also, to pre- 
vent hydrogen from pocketing in any equipment which is being 
acidized. 

How many accidents have occurred from explosions from 
hydrogen during or subsequent to acidizing is not known but 
during the past 2 years three accidents of this kind have been 
reported. In one instance two workmen were killed and exten- 
sive damaged resulted from an explosion of a boiler. The acci- 
dent was caused by failure to vent the gas from the boiler drum, 
the pocketed hydrogen being ignited by a spark from a flashlight 
used after the boiler was opened for inspection. 

This accident demons.rated the extreme danger of acidizing 
equipment by persons not thoroughly informed of the reactions 
which occur when the acid is in contact with steel. The two 
other accidents reported were also explosions resulting from igni- 
tion of accumulated hydrogen gas. These accidents were not 
fatal to personnel, but resulted in appreciable damage to the 
equipment. 

A number of injuries to personnel, resulting from burning or 


gassing, have come to the attention of the author. There is one 
case on record during the past year where an operator cleaning a 
boiler by inhibited acid was killed by arsenious oxide released by 
the inhibitor which contained an arsenic compound. This type 
should never be used, although such inhibitors are quite effective 
for retarding corrosion. 


CONCLUSIONS 


Experience clearly demonstrates that acid-cleaning of equip- 
ment is a useful and economical means for removing encrustations 
from boilers and many other types of power-plant equipment. 
However, it should never be undertaken or practiced by in- 
experienced persons who are not fully aware of the dangers 
involved. Furthermore, acidizing should be practiced only if and 
when such treatment is necessary. It is a very questionable pro- 
cedure for any plant repeatedly to acid-clean equipment as a 
routine maintenance schedule. Such a program is unwarranted 
both from the standpoint of cost and over-all depreciation of 
equipment. 

No equipment should be treated with acid unless there is assur- 
ance that the acid used can be completely removed after the 
cleaning process has been completed. Most powerhouse equip- 
ment is susceptible to cleaning by flushing and flooding with 
neutralizing alkaline solutions. However, there are certain appli- 
ances that are so constructed that adequate removal of acid can- 
not be effected, or can be done only with great inconvenience and 
at appreciable cost. In this group the nondraining superheater 
is an example of apparatus which does not lend itself to acid- 
cleaning. In some cases where the superheaters may become 
badly fouled with deposits which are not water-soluble, acid- 
cleaning may be practiced. If such work is undertaken it should 
be attempted only when there is assurance that adequate provi- 
sion has been made for flushing and neutralization when the 
work is completed and before the unit is returned to service. 


Discussion 


F. N. Arquisr. The acid-cleaning of boilers and auxiliary 
equipment has been called to the notice of the Society several 
times in the past few years. Briefly, attention is directed to a 
discussion by C. H. Groom, G. Williams, and the writer,’ on scale 
removal from heat-exchange equipment. Before this publica- 
tion and since, we have been working in close contact with 
the power industry and many others on cleaning problems. The 
present paper is a valuable contribution to the literature on the 
subject. Data are also given in a paper by J. L. Wasco and 
the writer. 

Acid-cleaning is an economical method of cleaning power-plant 
equipment. However, the hazards of the acid-cleaning process 
should be fully recognized so that only experienced persons will 
be entrusted with cleaning. All engineers recognize that acidiz- 
ing should be done only when necessary. 

The author’s statement, ‘It is a very questionable procedure 
for any plant to acid-clean equipment as a routine maintenance 
schedule,”’ requires further discussion. For example, when 
should a high-pressure boiler be cleaned? The proper answer is 
to turbine selected tubes to find the extent of fouling. If the 
fouling rate thus determined is such that annual cleaning is re- 


8 Organic Research Laboratory, The Dow Chemical Company, 
Midland, Mich. 

9 “Chemical Removal of Scale From Heat-Exchange Equipment,” 
discussion by C. H. Groom, G. Williams, and F. N. Alquist, Trans. 
A.S.M.E., vol. 65, 1943, pp. 719-722. 

10 “Chemical Removal of Calcium Sulfate Scale,’’ by J. L. Wasco 
and F. N. Alquist, Industrial and Engineering Chemistry, vol. 38, 
April, 1946, pp. 394-397. 
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quired, then the plant is acid-cleaned annually on a routine 
maintenance schedule. These decisions are made by the plant 
engineers on the basis of cost and over-all depreciation values. 
The practice of the writer’s company on its boilers shows variable 
times for extent of fouling depending upon water treatments and 
loads. 

It is well that the power industry be made aware of the dis- 
tinction between corrosion due to operation and corrosion due to 
improper cleaning procedures. A proper conclusion to be 
drawn is to maintain treating temperatures as low as possible 
during cleaning and as stated, preferably between 140 and 160 F. 

The author has ably discussed the theories of inhibition. 
Fifteen years of research by the writer’s company on acid in- 
hibitors indicates that both the inhibitor and the acid concentra- 
tion must be selected so as to give a low corrosion rate under 
cleaning conditions. 

Experience gained on thousands of installations where forced 
circulation has been compared to circulation by convection, 
shows that forced circulation is only occasionally necessary. 

That the effect of inhibited acid varies as the metals differ in 
composition has been known in the art for a long time. Power- 
industry engineers have found that operation corrosion as well as 
corrosion in cleaning depends upon the composition of the metals 
involved, Considering Figs. 3, 4, 5, 6, and 7 in the paper, no 
statement can be made as to how much corrosion is due to opera- 
tion and how much is due to cleaning. 

The steps outlined under procedure for acid-cleaning boilers 
are good but, under the war-emergency conditions, these steps 
were not always used because of lack of time; however the en- 
gineers of the power industry now follow them more closely. 

Finally, the hazards of handling acids and venting the hydrogen 
that may be produced during the cleaning operation are well 
known both to the chemical and power industries. With proper 
safety precautions and helpful papers such as this one, the power 
industry can take economic advantage of acid-cleaning methods 


R. E. Hatt! ann C. E. Kaurman.!? We are in agreement 
with the general facts on acid-cleaning of boilers as developed by 
the author. More incisive analysis of some of the factors in- 
volved brings to light some significant considerations that require 
emphasis. 

Acid used for the process is supplied with an inhibitor, that is, 
a substance whose purpose is to minimize or prevent attack of the 
acid on the boiler steel, while not interfering with its dissolving 
effect on other substances such as the calcium carbonate and 
phosphate, the iron oxide, étc., comprising the boiler sludge and 
scale. Concentration of the inhibitor in the acid-cleaning solu- 
tion is a function of the type of inhibitor used, concentration of 
acid employed, and temperature at which the job of acid-cleaning 
is done. Thus one can depend upon the inhibitor to protect 
against direct attack of the metal by the acid within rather gener- 
ous temperature limitations, if the concentration of inhibitor 
required in relation to the acid is consistently maintained, and if 
the products of reaction of the acid with the boiler sludge or 
scale are not of themselves potent in their attack on the metal, 
regardless of the inhibitor. 

As a matter of fact, these products of reaction divide into two 
classes, one of which is innocuous as regards the boiler metal; the 
other of which is highly aggressive in attack on the metal, even 
with any usual inhibitor present in the acid solution. Materials 
which give rise to the first class comprise the calcium and magne- 
sium salts of the boiler sludges and scales; those giving rise to 
the second class are the iron oxides, either magnetite or hematite. 
Whether formed in the feed line by the action of dissolved oxygen 


Mem. A.S.M.E. 


1 Hall Laboratories, Inc., Pittsburgh, Pa. 
12 Hall Laboratories, Inc. 
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and thence entering the boiler, or whether formed in the boiler 
itself by reaction of boiler metal with the bonded oxygen of the 
boiler water, these oxides represent high oxidizing capacity. 
Concentrated bit by bit as the boiler is operated and held harm- 
less by the insolubility of the oxides in the boiler water, they 
await only the trigger action of the acid solution which dissolves 
them to bring this concentrated oxidizing capacity into play 
against the boiler metal. Metallic copper, so frequently associ- 
ated with the iron oxides, may enter into but cannot initiate 
the oxidation reactions, nor can it contribute thereto. In fact, 
by plating out on the metal it may even be protective in some 
measure. 

Let us explore conditions in a thin layer of the acid-cleaning 
solution adjacent to the metal when the sludge or scale consists 
primarily of insoluble calcium and magnesium salts, and the nor- 
mally quite low percentage of iron oxide. The acid dissolves 
the deposit, forming calcium and magnesium chloride, both of 
which are stable salts devoid of oxidizing capacity. Because of 
this, they originate no attack on the metal, and the protection 
provided by the inhibitor in the acid remains intact, unless undue 
temperature elevation has adversely affected protective condi- 
tions. Barring undue temperature, whether flow of the acid- 
cleaning material over the surfaces is provided for by means of 
circulating the solution or whether there is or is not considerable 
agitation of the solution by dissolving such material as carbonate, 
a protective concentration of the inhibitor in relation to the acid 
content of the solution prevails at the surfaces. 

Let us now explore conditions in the thin film of acid-cleaning 
solution adjaceat to the boiler metal, when the sludge in the boiler 
is mainly magnetic oxide Fe;O4, which dissolves forming ferric 
and ferrous ions. It is readily demonstrated that the ferric ion 
is the most important factor in promoting attack. 

Fundamentally the aggressiveness of solutions containing 
ferric ion can be explained on the basis of the following reaction 


QFett+ + He — > sBet*. . 2. ce ee ecm {1] 


It will be noted that this process does not intrinsically involve the 
disappearance or formation of an acid or a base. Therefore it 
might be presumed that the inhibitors customarily employed to 
stifle acid attack on steel would not be well adapted to minimize 
the reaction of ferric ion’with metal. Laboratory tests have 
confirmed this point. 

In the laboratory we have run a number of agitated-solution 
tests at 150 F, for 6 hr, in which the reality of ferric-ion attack 
is clearly apparent. For example, when 1 per cent Fe;0, was 
added to an inhibited acid solution, attack on an inserted steel 
strip was increased nearly threefold as measured by weight loss. 
The loss, representing about one third of the potential attack as 
just defined in Equation [1] was undoubtedly limited by the 
incomplete solubility of the added iron oxide, behavior which of 
course may be found in full-scale cleaning operations. When 
the ferric material was present in considerably greater con- 
centrations and as completely soluble chloride, without acid but 
with a standard inhibitor present, attack actually considerably 
exceeded that predicted from reaction [1]. 

In the removal of deposits from boilers by acid-cleaning, when 
magnetic iron oxide, for example, goes into the circulating acid, 
what quantitative potential has it for producing damage? If it 
is assumed that 1000 gal of cleaning acid builds up to contain 
homogeneously distributed in solution 1 per cent or 83.3 lb of 
material originally Fe:O., 20 lb of iron can be dissolved if Re- 
action [1] goes to completion. If, for example, the dissolution 
of iron is assumed to take place evenly within 3-in. tubing, the 
general loss of metal will amount to less than 0.001 in. If, how- 
ever, the ferric ion is not homogeneously distributed in the acid 
solution, but rather is selectively concentrated in localized areas 
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rich in magnetic oxide, then serious pitting or wastage in such 
areas may be expected. 

Avoidance of such corrosion we believe is best effected by 
steadily maintained circulation of the acid-cleaning fluid so that 
localized high concentrations of ferric chloride cannot occur, and 
by limiting concentration of ferric chloride in the acid-wash- 
ing solution through adequate blowdown and replenishment of acid 
solution, thus protecting against too much loss of metal in general 
corrosion of the surfaces by even the homogeneously distributed 
ferric chloride which develops mainly at the surfaces or in par- 
ticular spots in the boiler. Satisfactory control of ferric-ion 
concentration can be established by analysis. 

For the boilers that develop magnetic oxide by the bonded- 
oxygen process in regions where high heat release renders intolera- 
ble any decrease in circulation, acid-cleaning does a specially 
significant job, in that by cleansing the surfaces of iron oxide, 
and thus bringing back the original designed circulation in the 
tubes, the conditions for reaction of the bonded oxygen of the 
boiler water with the tube metal are minimized. Thus periodic 
acid-cleaning as required can keep circulation at these points 
maintained at a level where any formation of iron oxide will be 
slight, and the boiler will be dependable. 

Naturally, acid-cleaning should not be looked upon as some- 
thing to supplant normal careful procedure in taking care of the 
boiler. Nevertheless, especially in cases such as those com- 
prised in the circumstances just discussed, it can play a very ef- 
fective part. Likewise, alkaline-cleaning processes in some in- 
stances, dependent upon the composition of material to be re- 
moved, are more feasible than acid-cleaning. 

No mention has been made of acid-cleaning operations involv- 
ing nonferrous metals. It would be interesting to know if such 
cleaning has been conducted and the general types of inhibitors, 
if any, which proved useful. 


L. E. Hanxison.!3 This paper is especially valuable because 
it tells of the dangers that may be encountered, not only to the 
equipment being cleaned, but also to the personnel engaged in 
doing the cleaning. The definite warning given by the author 
that acid-cleaning should never be undertaken or practiced by 
inexperienced persons who are not fully aware of the dangers in- 
volved, should not be ignored. It is evident that this work 
should be done either by someone commercially in the acid- 
cleaning field, or by someone who is professionally able to pre- 
scribe the proper acid to be used, its strength, the inhibitor to be 
used, the proper temperature and the length of time for its con- 
tact, and then the best way to dispose of the partially spent acid, 
as well as the proper material and method of neutralizing or re- 
moving the residual acid from the equipment. This service 
presumably can be had only at a cost which must be charged 
against the benefits that may be obtained by acid-cleaning. 

There is another, and probably a much greater cost that must 
be borne by those who indulge in this means of keeping their 
equipment in service. It is the loss in efficiency and capacity of 
the equipment from the time the surface begins to foul until the 
deposit is of sufficient magnitude to justify removing the equip- 
ment from service for acid-cleaning. By using the average be- 
tween the clean condition and the fully fouled condition as the 
approximate continuous loss, it can readily be appreciated that 
this cost is quite considerable and should be avoided if at all 
possible. 

It is our belief that it is much cheaper and very much more 
satisfactory to secure the services of competent water-condition- 
ing consultants whose aim is to avoid the necessity of any clean- 
ing rather than to acid-clean and bear the costs that have just 


13 Superintendent, Efficiency Department, West Penn Power Com- 
pany, Pittsburgh, Pa. Mem. A.S.M.E. 


been outlined. We believe that with this consulting service and 
properly trained operating personnel to carry out their recom- 
mendations, acid-cleaning, or any other type of cleaning that re- 
quires equipment outages is unnecessary. Of course, this implies 
properly designed equipment operated at ratings so that steam 
pockets, hideout, or reverse circulation is not experienced. 
Acid-cleaning has a very important place in power-station 


« operation when the equipment is run at ratings beyond the nor- 


mal ability of the heat-transfer surface to function. In this case 
the surface may oxidize or change to form an insulation to a 
point where overheating and failure will follow. Acid-cleaning 
may remove the deposit that has been formed and prevent the 
equipment from failing. 

There is another situation where acid-cleaning is beneficial and, 
in fact, is the only practical means of restoring equipment to ser- 
viceable operating condition. During the war, when materials 
such as condenser tubes and the personnel for their installation 


‘were very hard or impossible to obtain, condenser leakage allowed 


silica to build up in some of our boilers to a point where it was 
deposited as an incrustation that caused tube failures. Acid- 
washing restored the boilers to good operating condition, where 
they have continued to function with the aid of the proper water- 
conditioning previously mentioned. 

One other acid-cleaning experience should be mentioned. Due 
to water leakage through the packing of the boiler feed pumps 
into the bearing cavities, it was found difficult to keep oil in the 
bearing reservoirs. An oil-company representative recommended 
that the straight mineral oil which had always been used be re- 
placed with a compounded oil that would not float out so easily. 
This was done and the bearing situation was remedied, but this 
oil was emulsifiable and such oil as did leave the bearing reser- 
voirs would not separate out in the drip collectors but was car- 
ried through into the boilers. There it mixed with the boiler 
sludge forming a tarry mass containing a small percentage of oil 
that adhered to the surfaces and caused burnouts. It was 
thought that increased alkalinity would dissolve this mass but 
it was not cleared up by this means, so we decided to acid-clean 
to dissolve the embedded sludge. Acid-cleaning partially dis- 
solved this mass. It also removed much of the protective coating 
of iron oxide and probably other iron compounds that had been 
formed on the water surface of the tubes by some reaction of the 
treating chemical, and which are considered beneficial and de- 
sirable. 

The presence of this iron compound can be well illustrated by 
our boiler-gasket experience. Due to scarred or cut hand-hole- 
seat surfaces, it was considered necessary to use solid copper gas- 
kets to make these parts tight. It was recognized that copper 
gaskets between the iron or steel surfaces and in the presence of 
the alkaline boiler water as the electrolyte were not conducive to 
long gasket life, yet we were never able to find even the slightest 
attack on these gaskets and they were considered entirely. satis- 
factory. After the boilers were acid-cleaned new gaskets would 
not last 3 months and we have records of heavy new gaskets 
practically entirely disappearing in 2 months of operation. This 
caused us temporarily to abandon copper gaskets. We now be- 
lieve that the protective coating has been restored by the con- 
tinued use of treatment, and are trying a few copper gaskets which 
we hope will again give satisfactory service. 

As a further indication that acid-cleaning is detrimental in re- 
moving the beneficial iron-compound coating, our experience with 
corrosive barnacles should be related. After the boilers were acid- 
cleaned, large quantities of iron-oxide scale were found lodged in 
the tube headers and also in the tubes that had sluggish circula- 
tion. Frequent boiler outages were necessary until all this 
scale was removed from the system. These outages allowed the 
internal boiler surfaces to be exposed to atmospheric air, and 
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small rust spots were formed. These rust spots may have pro- 
vided the insulation that promoted barnacle growth and boiler- 
tube failures resulted. This is being given further study. It is 
now believed that the protective surfaces previously described 
have been fully restored, as failures of this type have not been ex- 
perienced during the last 11/2 years. 

While it is agreed that cleaning with acid is beneficial under 
certain extraordinary conditions, we wish to emphasize the part 
of the author’s conclusion which says, “It is a very questionable 
procedure for any plant repeatedly to acid-clean equipment as a 
routine maintenance schedule.’’ We believe that good house- 
keeping, coupled with intelligent water-conditioning to eliminate 
the need for acid-cleaning, is the preferred method of operating 
power-station equipment. 


W. R. LaMorrs.!* The writer’s company has been particu- 
larly interested in the cleaning of boilers by this method, It was 
first tried in 1939 to clean one of the 350-psi boilers at Kearny 
generating station. The results were so gratifying, both from the 
standpoint of low cost and degree of cleanliness obtained, that acid- 
cleaning has been standard practice at that station ever since. 
In 1940 the practice was extended to the 1250-psi boilers in the 
Public Service system. These high-pressure boilers were first 
acid-cleaned at half yearly intervals, but more recently they 
have been cleaned annually. As a result, some of them have 
been cleaned ten and eleven times. 

This experience tends to confirm what the autho: has written 
concerning the precautionary measures which are advisable in 
the use of acid for boiler cleaning. The best inhibitor procurable 
should be used and solution and metal temperature should be 
kept well below the temperature at which the manufacturer 
states the inhibitor will break down, the time of contact should 
be limited, and the various hazards should be recognized and 
adequate protection provided. 

In fact, we differ only with the following statement of the 
author: “It is a very questionable procedure for any plant re- 
peatedly to acid-clean equipment as a routine maintenance 
schedule. Such a program is unwarranted both from the stand- 
point of cost and over-all depreciation of equipment.” We 
look upon acid-cleaning as the normal and best way to clean 
periodically the internal surfaces of high-pressure boilers. Nothing 
so far discovered has indicated that measurable harm has 
been done during the past 5 years. 

Perhaps one reason for the foregoing has been the practice of 
using low acid concentrations, in the range !/2 to 1 per cent HCl, 
as contrasted with the range of 4 to 15 per cent discussed by the 
author. These satisfactory results have been achieved using 
presently available inhibitors, and certainly improvement in 
inhibitors can be expected in the future. High-pressure boilers 
now on order are so designed that the tubes cannot be cleaned by 
conventional methods; only by the use of liquids can the internal 
surfaces be reached. It has been our experience that the art of 
treating the boiler water has not progressed sufficiently to dis- 
pense entirely with internal cleaning. 


BE. L. McDonaup.'® Our company was one of the early users 
of inhibited acid for cleaning power-plant equipment. For years 
we have acid-cleaned various heaters, feed lines, pumps, econo- 
mizers, etc., all under the guidance of the station chemist. 

Much was learned from our early experience. For example, do 
not try to clean old equipment too fast or too well with any scale- 
removing compound. Scale removed from the tube sheet of a 
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steam-crane boiler by trisodium phosphate exposed loosely rolled 
tubes and caused a great number of leaks that did not exist when 
scale covered them. Scale removed from the cast-iron junction 
boxes of an economizer by acid-cleaning exposed porous spots 
in the box that did not leak before the removal of scale. 

When the shortage of labor during the war first prompted us to 
employ a commercial acid-cleaning company, we had the idea 
we could pump the acid to the boiler through the blowoff line 
which emptied into a sewer at a convenient location for tying-in 
the acid truck, thus saving the cost of an acid feed line. After a 
short period of time the acid pumped through the line removed 
the scale and a great number of leaks developed, which again 
were not evident when the scale protected them. 

All of this is in keeping with the author’s statement te the ef- 
fect that acid is frequently blamed for corrosion which actually ex- 
isted before the acid was applied and was not evident until the 
acid removed the scale. The writer has observed corroded sur- 
faces, similar to the type shown in the paper, in boilers and tur- 
bine casings that had not been acid-cleaned. 

While we have made substantial savings by acid-cleaning with 
our own crew and equipment, we have not found acid-cleaning of 
large steam-generating units, as performed by a commercial 
cleaning company, to be very cheap. The average on five boilers 
with about 20,000 sq ft of surface each was $84 per 1000 sq ft 
of surface. This was about 40 per cent higher than the previous 
mechanical cleaning cost. On these five boilers a 5 per cent acid 
solution was used. On three boilers cleaned at a later date, 
using 31/2 per cent solution, the cost dropped to $52 per 1000 sq 
ft of surface. This was still about 15 per cent higher than the 
previous mechanical cleaning cost. However, two items defi- 
nitely favored acid-cleaning, i.e., a shorter boiler outage, and a 
better job of cleaning. The fact is that it is practically impossi- 
ble to clean the modern steam-generating unit mechanically. 

Mention has been made that the control of acid temperature is 
important. A thermometer in the acid line can tell a false story. 
High “spot” temperatures can exist in a boiler if heat is trans- 
mitted from brickwork not previously cooled before acid treat- 
ment is applied. 

The author comments on the possible metal loss due to acid- 
cleaning; however, it should be remembered the old rotary tube 
cleaner also removed metal and, before water treatment reached 
its present stage, more than one boiler tube had to be replaced 
due to this metal loss. Also, in our own case, we believe the loss 
of metal, due to corrosion and erosion on the outside of the tube, 
would exceed any loss of metal’on the inside. During acid- 
cleaning, metal test strips have been hung in boilers, carefully 
weighed before and after the acid-cleaning, and have given us 
an idea of the possible metal loss. 

Mention is also made of the hazard of generating hydrogen gas 
when acid-cleaning, and the author comments on a particular 
boiler explosion. A very serious explosion also occurred last 
year when acid-cleaning a condenser at the Wichita Station of the 
Kansas Gas & Electric Company. Details of this are covered in 
an article by E. D. St. John,!* which should certainly be read by 
anybody contemplating acid-cleaning of such equipment. 

While acid-cleaning of any equipment has merit, it should not 
be undertaken except under the guidance of a competent chem- 
ist or other competent help. 


F. U. Neat.” In connection with acid-cleaning, the writer 
believes that considerably more importance should be attached 
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to the possibility of hydrogen embrittlement. Pickling embrittle- 
ment is too well known in the steel world to lead us to do any- 
thing but go well on the safe side with regard to removing hydro- 
gen. Particularly in the case of boilers, it is quite possible that we 
may open up crevices in seams and around tubes and these crev- 
ices must be stopped. However, if we should permit the rerolling 
of tubes or calking of joints without making certain the removal 
of occluded hydrogen, then we are guilty of negligence. The 
writer’s practice is to rinse the boiler thoroughly, after which a 
solution of 2 to 5 per cent soda ash is boiled in the boiler for 8 to 12 
hr at from atmospheric pressure to 50 psi under open vents before 
the boiler is opened for inspection and certainly before any cold- 
working of the boiler metal is permitted. This boiling procedure 
accomplishes reasonable removal of hydrogen gas from the boiler 
and occluded hydrogen from the metal, largely prevents after- 
rust, and partially re-establishes the protective coating of mag- 
netic oxide. It may also assist in the loosening of remaining 
scales which are incompletely soluble in acid. 

Attention is also called to a remark by the author which may be 
misconstrued. In his discussion of the hazards involved he 
states that the discharge of hydrogen to the atmosphere must be 
prevented. The writer feels certain that the author really meant 
that the vents must be piped to the outside in such a manner as 
to make reasonably sure that discharged hydrogen may not. re- 
enter the building and that these vents be taken from as near the 
top of the equipment as is possible. If vents are left open during 
the fill and drain-rinsing operations and then during the boiling- 
out procedure, we are assured nearly complete removal of hydro- 
gen in the equipment. 


H. B. Oartey. Deposits on the heat-transfer surfaces of 
several types of vessels are very generally recognized by designers 
as well as users. This is particularly true for vessels or pipe 
lines conveying liquids at increasingly higher temperatures and 
pressures. 

Attention has been given to the use of purification systems for 
the removal of these undesirable elements which cause failure of 
the apparatus, Acid-cleaning has been used with beneficial re- 
sults by those who, like the author, realize the dangers of such use. 
The reverse is also true. 

The paper has called attention to the outstanding features of 
this acid treatment and the dangers of such cleaning are clearly 
and emphatically stated in the author’s conclusions. 

The increasing severity of operation has brought the designer 
to the doorstep of the metallurgists for better material, which is 
to be more highly resistant to deteriorating effects resulting from 
impeded heat transfer. It may also be said that the chemical in- 
dustry is looked to by those who require more effective and less 
dangerous scale-removing methods, entailing the use of chemical 
inhibitors. 


W. F. Ryan.® The development of inhibited acids for the 
cleaning of metal surfaces is just another example of the fact that 
many of us were born 30 years too soon. When the writer re- 
calls his filthy and laborious efforts to clean boilers'and oil coolers 
in the old 74th Street Station, he wishes that the Dow develop- 


ment engineers had not been so dilatory in the development of 


acid-cleaning. His successors in the operating field can have 
these jobs performed with less labor and worry than he experi- 
ences when he sends his shirt to the laundry. 

In saying less worry, he is not relying entirely on the fact that it 
may be easier to replace a boiler than to get a new shirt. The 
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author’s precautionary remarks are timely and well taken but, 
on the other hand, the hazards are very slight if one is willing to 
pay somebody else to worry about them. Most of the adverse 
experience with which the writer is familiar, has arisen from mis- 
guided efforts to save a few dollars by doing the job without ex- 
perienced supervision or adequate equipment. 

In addition to the routine cleaning of boilers, there are special 
conditions under which the use of acid-cleaning may pay tre- 
mendous dividends; for example, in a paper mill it was dis- 
covered that the two high-pressure boilers had accumulated an 
unusual amount of sludge due to changes in the raw-water sup- 
ply. One tube was blistered and concern was felt for the rest of 
the heating surfaces. One would not ordinarily think of using 
acid to remove sludge, but based upon previous experience it was 
anticipated that a production loss equivalent to one half of the 
mill’s output for at least 7 days would be involved in shutting 
down the boilers, allowing them to cool sufficiently, cleaning them 
thoroughly, and getting them back on the line. This was at a 
time when the mill output was heavily oversold and such a loss of 
production would be a major catastrophe. Dowell Incorporated 
was consulted regarding the practicability of using acid in this 
situation and found that both boilers could be cleaned in a single 
day. The two boilers were satisfactorily cleaned by circulation 
of inhibited acid and the entire operation consumed less than 19 
hr. The cost of the acid-cleaning was of the order of $500, 
while the production hours that were gained were worth many 
thousands. 

Another instance of high return on a small investment was 
experienced.in the cleaning of cooling coils in large process tanks. 
For years these coils which are used with raw hard water, were 
installed with 3 times the calculated surface in order to compen- 
sate for the gradual accumulation of scale. At the end of 2 or 3 
years the coils were removed and replaced. The coil itself was 
not extremely expensive, but the replacement required draining 
and cleaning the tank with attendant loss of valuable materials. 
By the use of acid the coil can be cleaned in place with no loss of 
production or of materials. Life of the coil will be at least equal 
to that of the tank, and when new tanks are installed the cool- 
ing coils can be designed in correct proportion to the demand for 
heat transfer. 

The use of acid-cleaning in power plants and process industries 
is still in its infancy, with new time-saving and money-saving 
applications arising every day. Every operating or maintenance 
engineer who is confronted with the periodic cleaning of metal 
surfaces should investigate thoroughly what can be accomplished 
by this method. 


H. G. Tureiscuer.”” We have acid-cleaned eleven boilers 
in our plants with satisfactory results. The work has been per- 
formed by a commercial chemical company. The strength of the 
acid solutions used was 5 per cent, the length of time contained 
in the boilers varied from 5 to 14 hr, and the temperature of the 
boiler metal and acid solution ranged from 150 F to 190 F. 
Forced circulation of the solution was not used. We do not know 
the nature or composition of the inhibitors used as this is con- 
sidered secret information by the commercial companies. Sub- 
sequent examination of these boilers has not revealed any definite 

* evidence of acid corrosion. 

Included in the boilers, which were acid-cleaned, was a new 
525,000-Ib per hr 675-psig 900 F total steam temperature 3- 
drum boiler, which was acid-cleaned immediately after the con- 
ventional boiling and drying-out period. The results obtained 
were excellent, and an appreciable saving was effected in the time 
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and labor ordinarily required to prepare the drums for Apexior- 
izing. In addition, we believe a more permanent Apexior job 
was obtained because of the cleanliness of the metal surfaces 
after acid-cleaning. We expect to continue this practice of acid- 
cleaning new boilers before they are placed in service. The 
superheater in this boiler was the vertical nondraining type and 
was filled with clean warm water before admitting the acid 
solution to the boiler. In some of our older boilers we had de- 
posits of analcite. The acid-cleaning did not remove these 
deposits but did soften them up so they were readily removed 
by turbining. 

We agree with the author that there are corrosion and explo- 
sion hazards attached to the acid-cleaning of equipment, but, 
like him, we believe these hazards are negligible when proper 
procedures and precautions are observed. 


G. F. WruraMs.2!. This paper gives an exceptionally clear 
picture of chemically removing scales and sludges with acid-base 
solvents. The author is to be congratulated on this excellent 
paper which so ably relates the history of acid-cleaning and points 
out that its effective application involves a careful consideration 
of all pertinent factors. When one considers the complexity of 
the questions involved, which deal not only with chemical engi- 
neering but also with metallurgy, electrochemistry and other 
sciences, it is even more apparent that all factors must be care- 
fully weighed by one thoroughly trained and experienced in this 
line of work in order that the accumulated scale may be removed 
safely. 

It is interesting to note that over 25 years ago the entire piping 
system of a large building was successfully cleaned of scale by the 
use of acid-base solvent but, as the author points out, “It is sur- 
prising that this novel method of cleaning pipe lines did not re- 
ceive more widespread interest at that time since the basic prin- 
ciple of the procedure has much merit.” Possibly the difficulties 
experienced on this job were sufficiently serious to deter this type 
of work in the immediate future and the present commercial use 
of acid-cleaning may be due in no small degree to the experience 
gained in using millions of gallons of inhibited acid-base solvents 
during the last few years for increasing the flow of oil wells. 

In only a few cases has any corrosion been noted in boilers 
following acid-cleaning, and in most of these there was considera- 
ble evidence that the corrosion could have taken place during 
operation of the equipment rather than during the cleaning job. 
Our company, during the last 10 years, has made over 50,000 
separate treatments using inhibited acid-base solvents on oil 
wells and industrial equipment, and in less than 0.1 per cent of 
these jobs has any question been raised concerning the possi- 
bility of corrosion due to the use of inhibited solvent. In fact, it 
is the opinion of many operators of large steam-generating equip- 
ment that the metal loss from cleaning with acid-base solvents is 
less than that which results from mechanical cleaning methods. 

The manhole cover, shown in Fig. 7 of the paper, showed defin- 
ite corrosion upon inspection following an acid-cleaning job, but 
as this unit was not inspected immediately prior to cleaning, 
there is room for considerable uncertainty as to the cause of the 
corrosion. Representatives of the writer’s company were present 
with the author and others at the time this inspection was made. 
Other places on the edges of the manhole covers in this boiler 
showed occasional large corrosion “‘pits’’? much deeper and much 
larger than anything shown in Fig. 7. It seems practically im- 
possible that such a large amount of metal could have been re- 
moved from such a small area in the few hours’ time in which 


21 Development Engineer, 
Mem. A.S.M.E. 


Dowell Incorporated, Tulsa, Okla. 


TRANSACTIONS OF THE A.S.M.E. 


NOVEMBER, 1946 


acid was in contact with the metal. Probably factors other than 
cleaning with inhibited acid-base solvent contributed to this 
corrosion. 

One of the conclusions to this paper, viz., “It is avery questiona- 
ble procedure for any plant repeatedly to acid-clean equipment 
as a routine maintenance schedule,” might be clarified. Cer- 
tainly any preconceived schedule for periodical cleaning without 
any knowledge of the rate at which scale is formed would be ques- 
tionable, but whenever there is sufficient scale accumulation to 
warrant its removal, acid-cleaning is the best and sometimes the 
only feasible way of removing it. After the deposition rate of 
scale in a boiler is known and therefore the frequency with which 
it. must be removed, it seems entirely reasonable that acid-clean- 
ing could be done on a routine maintenance basis. 


AuTHOR’s CLOSURE 


The comments presented on the author’s paper by the several 
discussers are constructive and justify much consideration by 
those interested in the subject. 

The theory on the mechanism of corrosion, as brought out by 
Messrs. Hall and Kaufman, requires consideration and indicates 
the need for further research along these lines. Although there 
is much disagreement among engineers as to the relative merits of 
circulation to avoid concentration cells, as suggested by Dr. Hall, 
this is a desirable procedure under some circumstances and, where 
it can be carried out in a practical manner, circulating the solu- 
tion may conceivably overcome the tendency to cause spotty 
corrosion of the metal. Regardless of the advantages offered by 
circulation during cleaning of apparatus there are many cases, 
especially those involving cleaning of large boilers designed with 
complex circuits, where circulating the solution can not be readily 
affected. It is obvious that uniform circulation through a large 
unit is difficult and it is doubtful if pumping the solution through 
units will insure much better movement of the solution over the 
metal than may be obtained by normal thermal circulation which 
occurs during the cleaning process. 

Regardless of these apparent operating difficulties to carry out 
the procedures for avoiding corrosion as suggested by Dr. Hall, 
the problem warrants further study. It is hoped that the Hall 
Laboratories, Inc., and other interested groups will continue to 
study and develop means for overcoming many of the trouble- 
some problems encountered in the acid-cleaning technique. 

Dr. Alquist’s statement that ‘‘The effect of inhibited acid 
varies as the metals differ in composition” has been known in the 
art for a long time. Power-industry engineers have found that 
corrosion during operation as well as corrosion in cleaning de- 
pends upon the composition of the metals involved. This has 
not been fully appreciated by many operators. Why some metal 
corrodes during acid cleaning to a greater extent than others, 
when the cleaning procedures are practically identical, is not 
clearly understood but no doubt is related to the composition of 
the metal and other metallurgical characteristics. 

The instructive and informative research now being carried out 
by The Dow Chemical Company under the guidance of Dr. 
Alquist and his associates should reveal much valuable infor- 
mation and place acidizing of equipment on a much more exact 
basis than is now possible with our limited knowledge. It is 
hoped that this and other organizations carrying on research in 
this field will release their findings from time to time. Such 
dissemination of data should serve as an invaluable guide to the 
profession. 

The author is in agreement with many of the comments made 
by Mr. Hankison, since our experiences have paralleled his re-— 
garding a number of difficulties described. The acid attack on 
copper gaskets during cleaning of boilers has been encountered 
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many times with varying degrees of severity. These difficulties 
and other precautionary remarks mentioned by Messrs. Hanki- 
son, LaMotte, and MacDonald and the other discussers, demon- 
strate the need for intelligent planning and control for safe and 
effective treatment of any equipment by inhibited acid solu- 
tions, 

With regard to Mr. Neat’s comments, namely, ‘‘Attention is 
also called to a remark by the author which may be miscon- 
strued,” the author’s precautionary remark, of course, related to 
adequate venting to the outside atmosphere. We regret if our 
statement in the text has been misconstrued by others. It is 
presumed to be obvious that the avoidance of a fire or explosion 
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hazard would require complete and adequate venting outside the 
building by suitable facilities. 

The aim and purpose motivating the preparation and presen- 
tation of the author’s paper was to direct attention to the eco- 
nomic and practical value of acidizing boilers and other auxiliary 
equipment. The very favorable comments by so many engineers 
and chemists indicate that designers and operators agree with 
our viewpoint, differing only in details of application of the pro- 
cess. There are a number of unsolved factors which are not well 
understood and therefore may not be adequately evaluated. 
It is hoped that our effort has focused attention on these matters 
and will stimulate further study of the problem. 
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